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On  behalf  of  the  NASA  Headqua^rs  Mi  g ^ ^ pleased  t0  present  these 
Microgravity  Combustion  Science  Combustion  Workshop.  At  the  time  we  go  to 

proceedings  of  the  Fifth i Internal, onal  Mraog  y C ^ £rs  ^ participants 

press  we  expect  to  welcome  to  the  worksh ip * intemational  partner  countries.  We  com 

academia,  industry,  and  govem™ent^a^^^^^gtjpt1^mational  Space  Station  era,  where  the 
together  for  this  workshop  at  the  begmn  g unfold  over  the  next  few  years  As 

tore  of  microgravity  combustion  sctence  p o^ms  literature  base  cited  herein 

accelerate  our  preparations  for  the  SS  'h';"„xima.ely  forty  space-ffigh.  expertmem- 

“tsss. 

Cn mbustion  (NCMR)  led  by  Professor  Simo  NCMR  by  more  than  three  decades.  The 

— s:— 1 

of  the  young  researchers  of  tomorrow.  NASA 

NCMRThe  NASA  Lewis  Research  Cent“  ” £ ^We  honor  this  genuine  space  hero  md 
John  H.  Glenn  Research  Center  at  Lewis  Fie  ' < /^hero  in  his  own  right  in  the  wartime  effort 
U.S.  Senator  and  the  “ ^“2  the  research  director  of  NASA’s  predecessor, 

t develop  aviation  propulsion  sy 

National  Advisory  Committee  on  Aeronautics^  ^ following  the  Fourth  Workshop,  51 

In  the  NASA  Research  Announceme  P ,0  as  new  spaceflight-definition 

,r.==r.  - 
-sssssszz  c.«„  - -»■ 

sS? 
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X ofTuAorTa^  ^forSir  "*  persevera”“  of  the  entire 

£*"  ,o  tire  PDF  forma,  (which  decons^'cTed  me^  -w  £*?"  * ™on  of  lie 
tire  raorecolorfiil  proposals  we  recently  heard).  ^ document  format,”  not  one  of 

comments  following  the  fourth™ o°kIhoD lid °rkSh°P  program  or8anization  based  on  survey 
fee  are  to  be  two  parallel  ses“teMh™  ~ Rations.  this  fifth  workl/ 
added  a poster  session,  primarily  for  new  nart.V  ^ more  tlme  for  each  paper.  We’ve’ 

Tn^ine6  than  mi8ht  be  Possible  in  the  lecmrefoma^  P^gTam  !°  interact  m<>re  directly 

on-line  workshop  registration  and  hotel  reservatTn  f , 1,16  ^^shop  web  site  permitted 

information  without  as  many  email  prompts  Ffoln'  P ^ Schedu,e  ^logistics 

wo  new  topics,  “flammability  and  extinction  ” and^^  0rgaJ?1.:f d the  workshop  program  with 
P,nwe‘ ’ wP„Titem  S,h^P< ;b  ed  acr0ss  the  ~ <y’”  WhiCh  appeared  “ natUral 

assistance  in  pufe i ^ti^T  S“'  ^ for  her  very  kind 

Our  thanks  are  offered  to  the  alT.  8 / '°W  COS‘ me,hod  °p' email.  ^ kUld 

our  colleagues  at  the  NASA  Glenn  ReseZh  papeis  in  a ''fey  manner  and  to 

Research  on  Fluids  and  Combustion  for  their  * *?  Na"onal  Center  for  Microeravitv 
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INTRODUCTION 

Combustion  has  been  a subject  of  increasingly  vigorous  scientific  research  for  over  a century, 
not  surprising  considering  that  combustion  accounts  for  approximately  85%  of  the  world’s  energy 
production  and  is  a key  element  of  many  critical  technologies  used  by  contemporary  society. 
Although  combustion  technology  is  vital  to  our  standard  of  living,  it  also  poses  great  challenges  to 
maintaining  a habitable  environment.  A major  goal  of  combustion  research  is  production  of 
fundamental  (foundational)  knowledge  that  can  be  used  in  developing  accurate  simulations  of 
complex  combustion  processes,  replacing  current  “cut-and-try”  approaches  and  allowing 
developers  to  improve  the  efficiency  of  combustion  devices,  to  reduce  the  production  of  harmful 
emissions,  and  to  reduce  the  incidence  of  accidental  uncontrolled  combustion.  With  full 
understanding  of  the  physics  and  chemistry  involved  in  a given  combustion  process,  including 
details  of  the  unit  processes  and  their  interactions,  physically  accurate  models  which  can  then  be 
used  for  parametric  exploration  of  new  combustion  domains  via  computer  simulation  can  be 
developed,  with  possible  resultant  definition  of  radically  different  approaches  to  accomplishment 
of  various  combustion  goals. 

Effects  of  gravitational  forces  on  earth  impede  combustion  studies  more  than  they  impede 
most  other  areas  of  science.  The  effects  of  buoyancy  are  so  ubiquitous  that  we  often  do  not 
appreciate  the  enormous  negative  impact  that  they  have  had  on  the  rational  development  of 
combustion  science.  Microgravity  offers  potential  for  major  gains  in  combustion  science 
understanding  in  that  it  offers  unique  capability  to  establish  the  flow  environment  rather  than 
having  it  dominated  by  uncontrollable  (under  normal  gravity)  buoyancy  effects  and,  through  this 
control,  to  extend  the  range  of  test  conditions  that  can  be  studied.  It  cannot  be  emphasized  too 
strongly  that  our  program  is  dedicated  to  taking  advantage  of  microgravity  to  untangle 
complications  caused  by  gravity,  allowing  major  strides  in  our  understanding  of  combustion 
processes  and  in  subsequent  development  of  improved  combustion  devices  leading  to  improved 
quality  of  life  on  Earth. 

Fire  and/or  explosion  events  aboard  spacecraft  could  be  devastating  to  international  efforts  to 
expand  the  human  presence  in  space.  Testing  to  date  has  shown  that  ignition  and  flame  spread  on 
fuel  surfaces  (e.g.,  paper,  wire  insulation)  behave  quite  differently  under  partial  gravity  and 
microgravity  conditions.  In  addition,  fire  signatures — i.e.,  heat  release,  smoke  production,  flame 
visibility,  and  radiation — are  now  known  to  be  quite  different  in  reduced  gravity  environments; 
this  research  has  provided  data  to  improve  the  effectiveness  of  fire  prevention  practices,  smoke 
and  fire  detectors,  and  fire  extinguishment  systems.  The  more  we  can  apply  our  scientific  and 
technological  understanding  to  potential  fire  behavior  in  microgravity  and  partial  gravity,  the  more 
assurance  can  be  given  to  those  people  whose  lives  depend  on  the  environment  aboard  spacecraft 
or  eventually  on  habitats  on  the  Moon  or  Mars. 
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CURRENT  PROGRAM 

Currently,  NASA’s  Microgravity  Combustion  Science  program  is  supporting  approximately 
sixty  ground-based  studies  (including  experimental  studies  utilizing  drop-tower  facilities  and/or 
parabolic  aircraft,  along  with  analytical  modeling  efforts)  and  twenty  projects  which  are  utilizing 
or  are  expected  to  utilize  extended  duration  testing  in  microgravity  afforded  by  space-based 
experiments  on  sounding  rockets  or  orbiting  facilities  (shuttle  or  space  station).  These  studies  can 
be  divided  into  seven  major  categories:  premixed  gas  flames;  gaseous  diffusion  flames; 
combustion  of  individual  fuel  droplets,  clusters  of  droplets,  and  sprays;  combustion  of  individual 
solid  particles  and  dust  clouds;  flame  spread  across  liquid  and  solid  fuel  surfaces;  smoldering 
combustion;  and  combustion  synthesis.  In  addition,  a number  of  advanced  diagnostic 
instrumentation  technologies  are  being  developed  for  experimental  microgravity  studies, 
especially  in  the  space  environment,  where  there  are  severe  constraints  as  regards  volume,  mass, 
and  power.  In  a recent  expansion  of  the  scope  of  the  program,  we  are  also  funding  several  studies 
whose  main  relevance  lies  in  the  area  of  access  to  space,  rather  than  strictly  microgravity,  all 
related  to  spacecraft  propulsion. 

An  overview  of  combustion  experiments  performed  in  space  prior  to  the  Microgravity  Science 
Laboratory- 1 (MSL-1)  flights  of  April  and  July,  1997  was  presented  by  this  author  and  Dr. 
Howard  Ross  in  the  August,  1998  issue  of  the  AIAA  Journal  (Volume  36.  Number  8). 

Description  of  the  experiments  (Laminar  Soot  Processes,  Structure  of  Flameballs  at  Low  Lewis 
Numbers,  and  Droplet  Combustion  Experiment)  conducted  on  that  benchmark  mission,  along 
with  preliminary  results,  were  described  in  three  accompanying  articles  by  the  investigators. 
Although  the  MSL-1  mission  carried  by  far  the  most  extensive  set  of  space  combustion 
experiments  to  date,  the  considerable  earlier  space  experimentation  aimed  at  determining  the 
effects  of  microgravity  on  combustion  processes  included  experiments  on  candle  flames, 
combustion  of  fuel  droplets  positioned  on  support  fibers,  ignition  and  spread  of  flames  across 
solid  fuel  surfaces,  flame  spread  across  liquid  fuel  pools,  smoldering  combustion,  and  production 
of  soot  in  flames  as  related  to  fire  detection.  These  experiments  have  been  accompanied  by 
numerous  other  microgravity  experiments  - providing  thousands  of  test  points  - performed  in  the 
last  decade  in  ground-based  facilities  such  as  drop  towers  and  low-gravity  aircraft  in  the  United 
States,  Europe,  Russia,  and  Japan.  A complete  bibliography  associated  with  these  tests  may  be 
found  on  the  Internet  at  http://www.lerc.nasa. gov/Other  Groups/MCFEP 

To  date,  microgravity  combustion  studies  have  demonstrated  major  differences  in  structures 
of  various  types  of  flames  from  those  seen  in  normal  gravity.  Besides  the  practical  implications 
of  these  results  to  combustion  efficiency  (energy  conservation),  pollutant  control  (environmental 
considerations),  and  flammability  (fire  safety),  these  studies  establish  that  better  mechanistic 
understanding  of  individual  processes  making  up  the  overall  combustion  process  can  be  obtained 
by  comparing  of  results  gathered  in  microgravity  with  normal  gravity  tests,  with  potential  for 
major  improvements  in  design  of  combustion  processes  and  hardware  for  use  on  earth  as  well  as 
in  space. 

Future  microgravity  combustion  experiments  in  space  will  be  carried  out  mainly  on  the 
International  Space  Station  (ISS)  either  in  a dedicated  Combustion  Integrated  Rack  (CIR)  with 
Experiment  Unique  Inserts  or  in  the  Microgravity  Science  Glovebox,  a major  upgrade  from  the 
Middeck  Glovebox  currently  employed  on  the  Shuttle.  As  is  the  case  with  all  of  the  microgravity 
disciplines,  the  ISS  will  offer  the  ability  to  conduct  a considerably  larger  number  of  microgravity 
combustion  experiments  per  year,  a big  advantage  over  available  opportunities  on  the  space 
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shuttle;  regular  access  to  a laboratory  in  space  should  bring  flight-based  research  more  closely  in 
line  with  experimentation  done  on  Earth.  The  CIR  performance  requirement  is  to  support  an 
average  of  5 typical  combustion  experiments  (with  many  data  points  being  obtained  in  each)  per 
typical  year  within  all  known  on-orbit  and  on-earth  resource  limitations,  including  budget.  In 
addition,  if  the  limiting  resources  are  increased,  the  CIR  shall  be  capable  of  supporting  up  to  15 
experiments  per  year.  Over  its  life  cycle,  the  CIR  shall  be  capable  of  supporting  80  percent  of  the 
combustion  experiments  selected  into  the  flight  program.  Since  CIR  will  be  on-orbit  for  the  life  of 
the  ISS,  up  to  about  120  combustion  experiments  may  eventually  be  conducted.  Central  to  giving 
the  CIR  the  required  flexibility  is  the  use  of  Principal  Investigator  (PI)  unique  combustion 
experiment  hardware/software  to  customize  the  CIR  to  fully  meet  the  Pi’s  requirements.  The 
CIR  is  scheduled  for  launch  on  UF-3  in  October,  2002  and  will  begin  its  scientific  work 
immediately.  Seventeen  combustion  experiments  are  tentatively  planned  during  the  first  three 
years  of  CIR  operation. 

Flight  investigators  in  the  NASA  Microgravity  Combustion  Program  often  need  to  conduct 
reduced  gravity  experiments  in  ground-based  facilities  during  the  experiment  definition  and 
technology  development  phases  of  their  programs;  in  addition,  the  duration  of  microgravity  time 
available  in  ground-based  facilities  is  adequate  for  completion  of  many  studies  without  recourse  to 
a spaceflight  investigation.  (Given  the  difference  in  cost,  it  is  important  that  investigations  be 
carried  out  in  ground-based  facilities  where  feasible.)  The  NASA  ground-based  reduced  gravity 
research  facilities  include  two  drop  towers  (2.2  and  5.18  seconds  of  high-quality  microgravity 
time)  at  the  Lewis  Research  Center  (LeRC)  and  a KC-135  aircraft  (20-25  seconds  of  considerably 
lower  quality  microgravity  time)  that  is  based  at  JSC  but  flies  6-10  campaigns  per  year  from 
LeRC.  In  addition,  NASA  has  made  arrangements  to  use,  on  a cooperative  basis,  a Japanese 
dropshalt  facility  in  Hokkaido  capable  of  providing  10  seconds  of  quality  microgravity  time. 

HEDS  ENTERPRISE 

In  early  1994,  as  part  of  an  ongoing  reorganization  at  NASA,  the  agency  established  six  major 
enterprises,  later  reduced  to  four.  In  the  current  organization,  the  Microgravity  Research  Division 
of  the  Office  of  Life  and  Microgravity  Sciences  and  Applications  (OLMSA)  has  become  part  of 
the  Human  Exploration  and  Development  of  Space  (HEDS)  Enterprise.  In  January,  1996,  a 
Strategic  Plan  for  HEDS  was  put  into  place,  and  development  of  “roadmaps”  for  the  future 
directions  of  activities  within  HEDS  was  initiated.  The  three  major  charges  of  the  HEDS 
activities  are  (1)  to  advance  and  communicate  scientific  knowledge  and  understanding  of  the 
Earth,  the  solar  system,  the  universe,  and  the  environment  of  space  for  research,  (2)  to  explore, 
use,  and  enable  the  development  of  space  for  human  enterprise,  and  (3)  to  research,  develop, 
verify,  and  transfer  advanced  aeronautics,  space,  and  related  technologies.  While  basic  research 
into  fundamentals  is  still  considered  to  be  vitally  important  to  the  program,  there  is  a major  shift 
of  emphasis  toward  “mission-oriented”  research;  that  is,  research  aimed  at  specific  problems  in 
combustion  applications  on  Earth  as  well  as  under  reduced  or  microgravity  conditions.  Thus,  it  is 
important  that  firmer  linkages  between  the  research  being  done  using  microgravity  and 
applications  to  practical  applications  on  Earth  (e.g.,  increased  efficiency  of  conversion  of  chemical 
energy  contained  in  fuels  to  useful  work,  reduction  of  combustion-generated  pollutants  from 
automobile  engines  and  other  combustors,  decreased  fire  and  explosion  hazards)  be  established 
for  an  increasing  percentage  of  efforts  funded  under  this  program.  In  the  past,  we  have  asked  our 
peer  reviewers  to  judge  proposals  solely  on  scientific  merit  and  microgravity  relevance;  for  future 
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NRA’s,  we  will  extend  the  evaluation  criteria  to  include  responsiveness  to  specific  areas  of 
emphasis  called  out  in  these  NRA’s.  The  need  for  improved  understanding  of  combustion 
phenomena  to  enable  future  space  technologies  and  operations  should  be  recognized  as  one  of  the 
primary  opportunities  of  the  discipline.  Included  are  development  of  spacecraft 
combustion/propulsion  systems,  fire  safety,  use  of  in-situ  resources,  and  power  generation  in 
extraterrestrial  environments.  Examples  of  local  resource  utilization-related  processes  include 
chemical  reaction  engineering  for  production  of  fuels  and/or  oxidizers,  combustion  of  such 
products  in  a reduced-gravity  environment,  and  fire  safety  during  such  operations.  At  a HEDS 
Technology  Workshop  held  on  August  5-7,  1997,  several  fire  research  areas  of  interest  with 
respect  to  a manned  Mars  mission  were  defined. 

UPCOMING  MICROGRAVITY  COMBUSTION  NASA  RESEARCH 
ANNOUNCEMENT 

In  the  Microgravity  Combustion  Program  at  NASA,  investigators  are  selected  in  response  to  a 
NASA  Research  Announcement  (NRA)  issued  once  every  two  years  and  are  placed  either  in  the 
Ground-based  Category  or  in  the  Flight  Definition  Category.  At  this  time,  it  is  anticipated  that  an 
NRA  will  be  released  early  in  the  Fall  of  this  year  (1999)  with  proposals  being  due  approximately 
three  months  after  the  NRA  release  date;  it  is  suggested  that,  even  though  distribution  of 
postcards  describing  how  to  obtain  the  NRA  will  be  made  to  an  existing  extensive  distribution  list, 
potential  proposers  contact  this  author  to  ensure  that  they  are  included  on  this  list.  As  stated  in 
NASA’s  Microgravity  Research  Program  Strategic  Management  Handbook,  the  Microgravity 
Research  Program  mission  is  “to  use  the  microgravity  environment  of  space  as  a tool  to  advance 
knowledge;  to  use  space  as  a laboratory  to  explore  the  nature  of  physical  phenomena, 
contributing  to  progress  in  science  and  technology  on  Earth;  and  to  study  the  role  of  gravity  in 
technological  processes,  building  a scientific  foundation  for  understanding  the  consequences  of 
gravitational  environments  beyond  Earth’s  boundaries.”  The  combustion  science  program  seeks  a 
coordinated  research  effort  involving  both  space-  and  ground-based  research,  including  both 
experimental  and  theoretical  modeling  efforts.  Ground-based  research  forms  the  foundation  of 
this  program,  providing  the  necessary  experimental  and  theoretical  framework  for  development  of 
rigorous  understanding  of  basic  combustion  phenomena.  For  proposals  receiving  awards  in  the 
Flight  Definition  category,  the  programs  may  proceed,  following  passing  of  a peer-reviewed 
Science  Concept  Review  (SCR)  and  Requirements  Definition  Review  (RDR)  and  acceptance  of  a 
Science  Requirements  Document  (SRD)  generated  by  the  Principal  Investigator,  into  the  Flight 
Program.  NASA  is  currently  developing  several  types  of  flight  hardware;  brief  descriptions  of  the 
planned  capabilities  are  given  in  another  paper.  Experimental  proposals  for  which  none  of  the 
existing  flight  instruments  is  appropriate  are  also  encouraged;  however,  it  must  be  pointed  out 
that  experiments  calling  for  facilities  considerably  outside  of  these  envelopes  will  involve 
considerably  more  expense  to  NASA,  a factor  which  must  be  taken  into  consideration  in  funding 
decisions.  In  addition,  there  is  opportunity  for  Ground-Based  investigators  to  participate  as 
guest"  investigators  in  Glovebox  Experiments  on  a Space  Platform  based  on  internal  NASA 
review  of  proposals  submitted  in  response  to  Glovebox  Opportunity  Announcements.  [More 
details  on  these  processes  are  available  from  the  author.]  Participation  is  open  to  U.S.  and  foreign 
investigators  and  to  all  categories  of  organizations:  industry,  educational  institutions,  other 
nonprofit  organizations,  NASA  centers,  and  other  U.S.  Government  agencies.  Though  NASA 
welcomes  proposals  from  non-U.S.  investigators,  NASA  does  not  fund  principal  investigators  at 
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non-U.S.  institutions. 

Examination  of  the  other  papers  included  in  this  Workshop  proceedings  will  provide  the 
reader  with  a good  idea  of  the  current  scope  of  our  research  program.  However,  future  proposals 
are  not  limited  to  these  topic  areas;  extension  to  combustion  topics  not  currently  included  in  thg 
Microgravitv  Combustion  program  is  strongly  encouraged  to  help  us  in  broadening  the  program 
scope  At  this  time,  the  Microgravity  Combustion  Science  Discipline  Working  Group  (external 
advisory  group)  is  working  with  NASA  personnel  to  develop  a list  of  “fundamental  data  sets 
needed  for  better  understanding  of  basic  combustion  processes,  testing  of  combustion  models,  and 
design  of  improved  practical  combustion  devices.  Included  in  this  effort  is  an  attempt  to  prioritize 
the  resulting  list  in  terms  of  both  utility  and  need  for  microgravity  in  filling  out  the  data  set 
Categories  of  data  sets  being  considered  include:  Physico-Chemical  Constants  (e.g.,  thermal  and 
mass  diffusivity  at  high  temperature  and  pressure  of  various  species  including  combustion 
intermediates);  Fundamental  Combustion  Parameters  which  are  not  System/Device  Dependent 
(e.g.,  laminar  burning  velocities,  extinction  strain  rates,  soot  inception  points,  Markstem  lengths); 
Classical  Well-Defined  Benchmark  Systems  for  Model  Validation  and  Calibration  (e.g.,  flame 
spread  rates,  Burke-Schumann  flame  shapes);  and,  Emerging  Topics  (e.g.,  spacecraft  fire  safety, 
SHS,  flame-synthesized  materials).  It  is  anticipated  that  at  least  a preliminary  prioritized  data  set 

list  will  be  included  in  the  upcoming  NRA. 

The  total  amount  of  funding  for  this  program  is  subject  to  the  annual  NASA  budget  cycle. 

The  Government’s  obligation  to  make  awards  is  contingent  upon  the  availability  of  appropriated 
funds  from  which  payment  for  award  purposes  can  be  made  and  the  receipt  of  proposals  whic 
the  Government  determines  to  be  acceptable  for  an  award  under  the  upcoming  NRA.  or  t e 
purposes  of  budget  planning,  we  have  assumed  that  the  Microgravity  Research  Division  (MR  ) 
will  fund  0 to  3 flight  experiment  definition  proposals  from  the  upcoming  NRA.  These  efforts 
are  typically  funded  at  an  average  of  $150,000  to  $175,000  per  year.  It  is  also  anticipated  that 
approximately  15-20  ground-based  study  proposals  will  be  funded,  at  an  average  of  about 
$80, 000  to  $100, 000  per  year,  for  up  to  4 years. 

Active  research  experience  is  one  of  the  most  effective  techniques  for  attractmg  talented 
undergraduates  to  and  retaining  them  in  careers  in  mathematics,  science,  and  engineering, 
accordingly,  MRD  is  endeavoring  to  foster  the  career  development  of  undergraduate  students  by 
offering  optional  supplements  of  approximately  $5,000  per  student  per  year  to  approved  research 
tasks  for  undergraduate  student  research  projects.  These  projects  should  involve  undergraduate 
students  in  a meaningful  way  in  ongoing  research  programs  or  in  related  sub-projects  specifically 

designed  for  this  purpose.  . 

The  principal  elements  considered  in  the  evaluation  of  proposals  solicited  by  this  NR  are. 
relevance  to  NASA’s  objectives,  intrinsic  merit,  and  cost.  Of  these,  intrinsic  merit  has  the 
greatest  weight,  followed  by  relevance  to  NASA's  objectives,  of  slightly  lesser  weight.  Both  of 
these  elements  have  greater  weight  than  cost.  Responding  to  the  following  questions  should  be 
kept  in  mind  by  proposers: 

1.  Is  microgravity  of  fundamental  importance  to  the  proposed  study,  either  in  terms  of 
unmasking  effects  hidden  under  normal  gravity  conditions  or  in  terms  of  using  gravity 
level  as  an  added  independent  parameter? 

2.  Do  the  issues  addressed  by  the  research  have  the  potential  to  close  major  gaps  in  the 
understanding  of  fundamentals  of  combustion  processes? 
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3.  Is  there  potential  for  elucidation  of  previously  unknown  phenomena? 

4.  Is  the  project  likely  to  have  significant  benefits/applications  to  ground-based  as  well  as 
space-based  operations  involving  combustion  processes? 

5.  Is  the  project  technologically  feasible,  without  requirements  for  substantial  new 
technological  advances? 

6.  What  is  the  potential  of  this  project  in  terms  of  stimulating  future  technological  “spin- 
offs”? 

7.  Are  there  strong,  well-defined  linkages  between  the  research  and  HEDS  goals 

The  evaluation  process  for  the  upcoming  NRA  will  begin  with  a scientific  and  technical 
external  peer  review  of  the  submitted  proposals.  NASA  will  also  conduct  an  internal  engineering 
review  of  the  potential  hardware  requirements  for  proposals  that  include  flight  experiments.  The 
external  peer  review  and  internal  engineering  review  panels  will  be  coordinated  by  the  NASA 
Enterprise  Scientist  for  Microgravity  Combustion  Science.  Consideration  of  the  programmatic 
objectives  of  this  NRA  will  be  factored  in  by  NASA  to  ensure  enhancement  of  program  breadth, 
balance,  and  diversity;  NASA  will  also  consider  the  cost  of  the  proposal.  The  MRD  Director  will 
make  the  final  selection  based  on  science  panel  evaluations  and  programmatic  recommendations. 
Upon  completion  of  all  deliberations,  a selection  statement  will  be  released  notifying  each 
proposer  of  proposal  selection  or  rejection.  Offerers  whose  proposals  are  declined  will  have  the 
opportunity  for  a verbal  debriefing  regarding  the  reasons  for  this  decision.  It  is  anticipated  that 
the  review  process  should  be  complete  by  mid-2000,  with  awards  occurring  in  late  2000  (earlv 
Fiscal  Year  2001).  y 
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Introduction:  „A,  Mirroeravity  Applications  Programme  (MAP)  is  to 

The  overall  strategic  objective  of  ESAs  M Krog  ^ J ^ Statk)n  (1SS)  as  a facility  for 

generate  a European  activity  using  industrial  R&D  in  the  long-term.  Applications 

applications-oriented  research  and  f*"  exploitation  of  the  1SS  for  applied  research  and  as  a 

of  microgravity  may  be  underst0^  Jg  ocesses  useful  on  Earth  and  for  long-duration 

testbed  for  the  development  ot  technology  v 
space  flight. 

Programme  Strategy  and  Objectives:  develooing  a first  generation  of  applications- 

The  MAP  has  the  objective  of  fostering  . .£ion  of  industry.  These  projects  shall  use 

oriented  projects,  as  far  as  poss.ble  "“1'^^  ^ that  help  develop  and  prepare 

_ b 

As  a first  step,  this  programme  uses  “ 

expanding  ongoing  basic  research  protects  towaffi l PP^  tQ  lhe  efficient  development 

’i^e«roS"c^  out  long  term  and  content  research  and 

development  programmes. 

The  overall  approach  to  develop  applications  of  microgravity  can  be  summarised  as  follows. 

. Identifying  ongoing  R&D  activities  where ^““^il'bLed  on  an  assessment  of  ongoing 
. Identifying  and  defining  apphcations-onented  projects 

. " USeK  ^ PO,enHal  ^ 

. sX^gT^^  Tube, 

. Exploiting  precursor  flight  °PP°«““  , ISS  opportunities;  maximum  use  is  made 

Aircraft,  Sounding  Rockets,  SP^^^h^V developed  inotherprogranm.es 

. — - — of  fli8ht  exper,me 

. ^""n  “ .S.A.,  Japan,  Russia,  and  Canada. 


Further  Initiatives  to  Solicit  new  Projects:  ^ § mde  m Europe  during  the  past  15 

The  MAP  tries  to  capitalise  on  the  s^bs  ^ d expanding  from  this  sohd  scientific  basis  and 
years  in  basic  microf  avity  Building  and  expan^g^  appl,c,tons-onented 

expertise  appears  to  oe  y y ^ 


AGENCY  ESA*STE™E  Wa'lD  KUF^RIVES  °F  ™E  EUROPEAN  SPACE 

T“» 

^Solidification.  ^ al,ernatinS  Magnetic  Fields  on  Crystal  Growth  and  Alloy 

' SShT*  Pa"em  FOmati°n  in  Morphological  Instabihty  during  Directional 
Metastable  States  and  Phases. 

Equilibrium  and  Dynamic  Properties  of  Adsorbed  Layers 
Dust  Aggregation  and  Related  Subjects.  Y 

Double  Diffusive  Instabilities  with  Soret  Effect 
I hermophysical  Properties  of  Fluids. 

Additionally,  5 new  teams  have  been  added  in  Spring,  1998,  dealing  with: 

Magnetic  Fluids; 

Foams  and  Capillary  Flows; 

Droplet/Particle  Spray  Cloud  Combustion; 
rlame/V  ortex  Interactions; 

Combustion  Synthesis. 

- delude  researchers  fiom 

ficld-  8 ra,cro8rav‘'y  applications  projects  in  their  particular 

Announcement  of  Opportunity  1998/1999: 

I999iCTh0llS  Physical  Science s^BfoKcSloCT"  duri  °"  "M'crogravity  Research  and 
1999.  This  A.  O.  solicited  from  European  lead  team^m  "8  November  1998  and  February 
that  promised  to  contribute  substantially  to  progress  in  ‘°eravlI>'  relevallt  research  proposals 
could  concern  basic  or  applicattons-orientM  rSS  IT  and LtechnolW  The  proposals 

using  Drop  Towers/Tubes,  Parabolic  Fhght  Aircraft  SouS8™?5'  ,Experiraents  could  consider 
the  Spacehab  for  investigations,  precursory  to  the  mta “Z5,  GetaWay  Specials-  and 
to  announce  planned  proposals  ft,  Uttere  of  iMaZ^8  n ' USms  the  ,SS'  The  A-  0 requested 
deadline  for  the  submission  of  propS  was  28  V K "To  ^ 15  DeCember-  >998-  The 
proposals  ,n  co-operation  with  external  peers  and  wfth  Svis^y  ^seVaiuates  SUbmit,ed 

^'aP^^'we^ad^ss^hUD^w^°«ifl  ^ a"yb°dy  Wi,h  an  In,erne' 
this  MAP-Home  Page  will  offer  interested  In  future, 

microgravity  relevant  facilities,  ongoing  and  plar^,i^in,^fi^^/ 

Eue^S“  campaign  by  addressing  7,94 

Swedish  industrial  research  institute  forward  y f th  3 one  Pa8e  Article.  Additionally  a 
industrial  contact  addresses.  Paper  cop.s  of  the  A.  O ™TZl£d  ^ 3600 
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SPACE  STATION  UTILISATION  INITIATIVES  OF  THE  EUROPEAN  SPACE 
agencv  lsa/estec:  EWALDKUFNER 

•» inform  ESA  pre,iminarily  aboul: 

• the  topics  the  proposals  would  refer  to; 

. the  number  of  research  proposals  to  be  expected, 

• the  number  of  Topical  Team  proposals  to  be  expected, 

. the  number  of  involved  scientific  and  industnal  mstituttons, 

I the  mmber  of'bas^resMt^and  applications  oriented  proposals; 

. the  national  distribution  of  participating  institutions. 

a.  , aI1  L0IS  contained  the  requested  information,  they  only  allowed  for  a rough 

statistical  analysis!  delivering  the  results  the  following  tables  summarise. 


Number  of  received  letters. — 
Number  of  involved  scientists 
Number  of  industries 


Basic  research  programmes 

TI  " ' 


UflJic  r 

Applications-oriented  programmes 
Represented  Countries 

"To?  invob?? scientist  s "I  of  the 

submitting  persons. 

Germany 
Italy-"" 

France 


Belgium 

Spain 

United  Kingdom 
Switzerland 
The  Netherlands 
Sweden 
Austria 


37% 

17% 

\n% 

3.8% 

2.8% 

1.4% 

1.4% 

0.9% 

0.5% 

0.5% 

0.5% 


0.5% 


! 1 V/  * * » 

. , qol  of  the  LOIs  as  the  following  table  summarises: 
Additionally,  Non-European  experts  sent  19%  of  the  LOIS  as  ^ ^ 
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age “cfSKSSr  OF  THE  EUROPEAN  space 


Topical  Team  Performance  • 

presently  active,  ,2  Toplca,  Teams 


Total  number  of  teams 

Total  number  of  letters 

12  — 

~28  

iviaAiiuum  number  from  one  team 
Minimum  number  form  one  team 

~4  

1 

Nomination  of  at  leST^T^SS^r 
partner  3 

1 - 

s75% 

No  mdustry  partner  specified  ^Tb^iT 
research  intention 

"25%  

— L_ 

RekVam  Comb™‘°"  ^search  Programmes- 
TT*  LO,s  referring  ,o  Combustion  Research  ftogfammes  addled  the  topics: 

5001  «— c h u 

m sPace  vehicles,  combustion  properties  ogf  nremh^  C°mbust,on  Parties  of  materials  appliec 
flame  spread  and  flammability  limits  of  diffusion  flame^5’ 18nitl0n  extmc('on  in  microgravity 

“fe„Ars,  tte  ,ss  teing  specificaiiy  - 

States,  is  therefore  prepared  to  negotiate  corresDonHiniTI  '!i  ^ °"  behalf  of  its  Member 
pntvtdesinsertsfortheFCFalsoAme^rexSnn"*  “ «■  »■  Europe 

Emo^“  »*.  can  participate  in 

mformation  on  ESA's  relevant  co-opLbn  and  fltnStg^  ““  ^ pr°vid“ 
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Flammability/Extinction 


SOLID  INFLAMMABILITY  BOUNDARY  AT  LOW  SPEED  (SIBAL) 


James  S.  Tien1,  Paul  Ferkul2,  Kurt  R.  Sacksteder3,  Hsin-Yi  Shih1,  Hasan  Bedir1, 

Paul  S.  Greenberg3,  Richard  D.  Pettegrew2,  Nancy  Piltch3,  and  David  Frate3 
'Case  Western  Reserve  University,  Cleveland,  OH  44106 
2National  Center  for  Microgravity  Research,  Cleveland,  OH  44135 
3NASA  Glenn  Research  Center,  Cleveland,  OH  44135 

This  research  program  is  concerned  with  the  effect  of  low-speed,  concurrent  flow  on  the 
spreading  and  extinction  processes  of  flames  over  solid  fuels.  The  primary  objective  is  to  verify 
the  theoretically  predicted  extinction  boundary,  using  oxygen  percentage  and  flow  velocity  as 
coordinates.  In  particular,  we  are  interested  in  the  low-speed  quenching  limits  and  the  existence 
of  the  critical  oxygen  flammability  limit.  Detailed  flame  spread  characteristics,  including  flame 
spread  rate,  flame  size,  and  flame  structure  are  sought.  Since  the  predicted  flame  behavior 
depends  on  the  inclusion  of  flame  and  surface  radiation,  the  measured  results  will  also  be  used  to 
assess  the  importance  of  radiative  heat  transfer  by  direct  comparison  to  a comprehensive 
numerical  model. 

This  project  passed  the  Science  Concept  Review  (SCR)  in  1996.  As  a result,  the  experiment 
continues  on  the  flight  definition  path,  and  is  currently  scheduled  to  be  performed  in  the  Space 
Station  Combustion  Integrated  Rack  (CIR).  We  present  an  overview  of  recent  and  ongoing 
work,  including  selected  experimental  and  theoretical  topics. 

GLOVEBOX  EXPERIMENTS 

The  SIBAL  project  took  advantage  of  an  opportunity  to  perform  a Microgravity  Glovebox 
space  experiment  in  order  to  determine  some  long-duration  burning  behavior.  The  Forced  Flow 
Flame  Spread  Test  (FFFT)  consisted  of  a test  module,  which  was  a miniature,  low-speed  wind 
tunnel;  a hand-held  control  box;  and  individual  fuel  sample  assemblies.  The  test  module  was  a 
metallic  duct  with  an  inlet  section,  where  air  velocity  measurements  were  made,  and  an  outlet 
section  where  the  fan  that  moves  the  air  was  located  [1J. 

Flat  sheets  of  paper  fuel  of  different  thicknesses  were  burned.  Due  to  limitations  in  the  size 
of  this  experiment,  none  of  the  flames  reached  steady  state.  General  observations  of  flame 
spread  rate,  temperatures,  and  appearance  were  obtained,  however.  The  flames  were  wide,  dim, 
and  mostly  blue  (see  fig.  1 for  an  example).  The  wide  flames  were  due  to  small  airflow  speed, 
and  the  dim  blue  flame  color  was  due  to  slow  oxygen  transport.  Flame  spread  rates  increased  as 
the  flow  speed  increased,  and  were  inversely  proportional  to  sample  thickness. 

FLAME  SPREAD  MODEL 

The  model  has  been  described  in  detail  elsewhere  [2]  so  only  the  broad  features  are  presented 
here.  The  steady,  Navier-Stokes  equations  are  solved  together  with  conservation  of  energy  and 
reacting  species.  A one-step,  second-order  chemical  reaction  is  assumed.  Gas  and  solid  phase 
radiation  are  included,  and  the  gas  properties  are  evaluated  as  a function  of  temperature. 

The  model  was  solved  in  two  dimensions.  A comparison  is  made  with  experiment  in  fig.  1. 
The  fuel  consumption  rate  contours  are  plotted  next  to  the  flame.  These  contours  are  the  best 
indicator  of  the  blue  visible  flame  in  models  with  one-step  kinetics.  In  order  to  achieve  the  best 
agreement  with  experimental  data,  Grayson  et  al.  [3]  used  wF  = 0.1  mg/s  cm3  to  represent  the 
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edge  of  the  blue  flame  (minimum  visible  reaction  rate)  in  related  solid-fuel  flame-spread 
modeling,  and  the  same  value  is  used  here.  The  curvature  of  the  visible  flame  is  in  good 
agreement  with  that  of  the  computed  reaction  rate  contour,  even  though  the  computed  flame  is 
steady  while  the  observed  flame  did  not  yet  reach  steady  state. 

In  concurrent-flow  flame  spread,  however,  it  is  well-known  that  in  order  to  have  a system  for 
which  the  two-dimensional  approximation  is  valid  requires  an  excessively  wide  sample. 
Specifically,  such  a lormulation  applies  for  cases  where  the  fuel  is  substantially  wider  than  the 
llame  length.  This  is  a difficult  condition  to  meet  even  for  relatively  small,  concurrent-flow 
flames.  Rather  than  attempt  to  build  an  experiment  for  which  the  two-dimensional 
approximation  is  valid,  we  instead  developed  a three-dimensional  model.  It  is  only  in  the  initial 
stages,  and  additional  work  is  forthcoming.  While  being  more  computationally  intensive,  this 
model  can  now  examine  the  effect  of  varying  fuel  width  on  flame  characteristics.  The  most 
obvious  advantage  for  using  a three-dimensional  formulation  is  that  the  exact  geometry  of  the 
experiment  can  be  modeled. 

FLAME  RADIATION  STUDIES 

Because  of  the  reduction  of  convection,  radiation  becomes  an  important  heat  transfer 
mechanism  in  microgravity  flames.  The  accuracy  and  the  affordability  of  computation  models 
for  radiation  that  can  be  coupled  to  the  flame  analyses  are  of  general  interest. 

We  have  applied  a variety  of  radiation  models  to  a one-dimensional  low-stretch  diffusion 
flame  with  carbon  dioxide  and  water  vapor  as  the  radiation  participating  media  [4J.  These 
include  gray-gas,  optical-thin,  wide-band.  narrow-band  and  spectral  line  weighted  sum  of  gray 
gases  (SLWSGG)  models.  Both  the  accuracy  (in  term  of  the  radiative  source,  i.e.,  the  divergence 
of  radiative  heat  flux)  and  the  relative  computational  times  are  compared.  Computed  results  ol 
the  radiative  source  distribution  for  wide-band,  narrow-band  and  SLWSGG  show  reasonable 
agreement  with  each  other.  Results  from  the  optical-thin  and  gray-gas  models  with  Planck  mean 
absorption  coefficient  are  shown  to  underestimate  the  self-absorption  and  overestimate  the 
emission  substantially  for  the  low  stretch  flame.  On  the  other  hand,  the  relative  computational 
times  can  be  different  by  several  orders  of  magnitude,  the  most  time  consuming  being  the 
narrow-band  model. 

Since  the  narrow-band  model  yields  the  more  accurate  spectral  information  among  these 
models  and  is  now  affordable  for  one-dimensional  flames,  several  computations  have  been 
carried  out  recently  to  study  low-stretch  flames.  The  narrow-band  model  was  incorporated  into  a 
solid-fuel  diffusion  flame  (PMMA)  to  investigate  the  flammability  boundary  as  a function  of 
ambient  oxygen  percentage  and  stretch  rate  and  to  study  the  effect  of  gas  versus  solid  surface 
radiation  [5].  In  [6],  a detailed  account  of  the  radiation  absorption  (self  and  across  species)  and 
emission  are  given  including  the  contribution  of  MMA  fuel  vapor. 

More  recently,  the  narrow-band  model  has  been  combined  with  detailed  chemical  kinetics  in 
the  study  of  the  flammability  limit  of  hydrogen/oxygen  gaseous  diffusion  flames  at  low  pressure 
[7J.  We  have  chosen  an  ambient  pressure  of  1.013  kPa  with  carbon  dioxide  as  the  diluent.  The 
conditions  studied  are  particularly  relevant  to  Mars  exploration.  Fig.  2 shows  the  computed 
maximum  flame  temperature  as  a function  of  stretch  rate  with  and  without  flame  radiation.  It  is 
obvious  from  this  figure  that  radiation  is  very  important  at  low  stretch  rates.  There  are  large 
drops  of  flame  temperature  at  low  stretch  rates  due  to  radiative  losses  and  the  flame  temperature 
curve  exhibits  a peak  at  an  intermediate  stretch  rate.  Although  this  trend  has  been  shown 


16 


SIBAL:  J.  S.  Tien  et  al. 


previously  with  simplified  models  (either  simplified  kinetics  or  simplified  radiation  treatment  or 
both),  the  present  results  with  the  narrow-band  model  and  detailed  kinetics  are  expected  to  be 
more  accurate  quantitatively. 

Fig.  3 gives  the  flammability  map  using  carbon  dioxide  diluent  and  stretch  rate  as 
coordinates.  First,  without  radiation,  the  extinction  boundary  is  monotonic  with  respect  to  stretch 
rate.  From  the  trend  of  the  computed  boundary,  there  is  no  apparent  low-stretch  limit:  when 
carbon  dioxide  dilution  level  is  increased,  the  flame  can  still  be  made  flammable  at  lower  stretch 
rates.  Furthermore,  it  is  seen  that  the  adiabatic  system  would  cease  to  be  flammable  only  when 
the  carbon  dioxide  dilution  is  beyond  90%  (obtained  by  extrapolating  stretch  rate  to  zero).  With 
radiation,  low-stretch  quench  limits  exist  and  the  trend  of  the  extinction  boundary  is  altered. 
This  behavior  helps  to  define  an  absolute  carbon  dioxide  dilution  level  above  which  a flame  can 
not  exist  at  any  stretch  rate.  The  existence  and  the  determination  of  this  dilution  level  can  be 
important  from  the  point  of  view  of  fire  safety.  For  the  present  diffusion  flame  at  1.013  kPa  and 
an  upstream  temperature  of  300  K,  this  dilution  level  is  81%,  equal  from  both  the  fuel  and  the 
oxygen  sides. 

LOW-PRESSURE  TUNNEL 

We  are  constructing  a combustion  tunnel  for  use  in  normal  gravity  both  to  provide  data  for 
comparison  to  the  model  as  well  as  to  give  guidance  in  the  design  of  the  ultimate  space 
experiment.  This  vertical  wind  tunnel,  measuring  11  cm  x 11  cm,  can  be  operated  at  reduced 
pressure  to  better  simulate  a flame  burning  in  microgravity.  The  fuel,  automatically  supplied 
from  a roll,  will  be  fed  in  at  the  exact  rate  so  that  the  flame  will  be  fixed  in  space.  Infrared  and 
ultraviolet  flame  emissions  will  be  imaged  using  video  cameras  and  corresponding  filters. 

A central  issue  in  this  experiment  is  the  choice  of  fuel.  Mechanically,  the  fuel  must  be 
Tollable  both  before  and  after  combustion.  Scientifically,  the  fuel  must  be  well-characterized 
and  burn  in  a uniform  manner.  These  concerns  are  addressed  by  using  a custom-woven  fabric 
fuel,  consisting  mostly  of  pure  cotton  threads,  but  with  some  fiberglass  threads  woven  in  to 
provide  support  after  combustion.  The  detailed  specifications  of  the  fuel  are  still  being 
determined.  In  fact,  the  low-pressure  tunnel  will  be  used  to  refine  the  fuel  properties  to  yield  the 
optimal  mechanical  and  scientific  properties  desired. 
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Figure  1.  Concurrent-flow  combustion  of  a paper  sheet  (half-thickness  area  density  = 1.0 
mg/cm2):  comparison  of  visible  flame  to  numerically  predicted  fuel  consumption  rate  contours. 
Flow  is  from  left  to  right  at  2 cm/s.  Note  that  the  flame  is  still  shrinking  in  size,  while  the  model 
results  are  steady. 
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Figure  2.  (Left)  The  maximum  flame  temperature  of  H2/O2  diffusion  flames  as  a function  of 
stretch  rate  (fuel  side)  at  a total  pressure  of  1.013  kPa  and  50%  C02  dilution  (same  on  the  fuel 
and  the  oxygen  sides),  with  and  without  the  consideration  of  flame  radiation. 

Figure  3.  (Right)  Flammability  boundary  of  H2/O2/CO2  opposed-jet  diffusion  flame  with  and 
without  the  consideration  of  flame  radiation.  Total  pressure:  1.013  kPa;  upstream  temperature: 
300K. 
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SOME  RECENT  OBSERVATIONS  ON  THE  BURNING  OF  ISOLATED  N- 
HEPTANE  AND  ALCOHOL  DROPLETS 

F.  L.  DRYER, 

Mechanical  and  Aerospace  Engineering,  Princeton  University,  Princeton,  NJ  08544-5263 

INTRODUCTION 

jJ**  xPr0gram  Prof.  F.A.  Williams  of  the  University  of  California,  San  Diego  and 

. ' • 6 ,3  ayagam  of  *he  Natlonal  Center  for  Microgravity  Research  on  Fluid  and  Com- 
ustion,  the  combustion  of  liquid  fuel  droplets  having  initial  diameters  between  about  1 mm  and 
6 mm  is  being  studied.  The  objectives  of  the  work  are  to  improve  fundamental  knowledge  of 
drople  combustion  dynamics  through  microgravity  experiments  and  theoretical  analyses8^ 
Princeton  contributions  to  the  collaborative  program  supports  the  engineeringTeZ  2 a 
analysis  and  data  interpretation  requirements  for  the  study  of  initially  single  component 
spherically  symmetric,  isolated  droplet  combustion  studies  through  experiments and  35 
mo  e mg.  e complementary  UCSD  contributions  apply  asymptotic  theoretical  analyses  and  are 
described  in  the  published  literature  and  in  a companion  comrZication  in  this  voS 

°f  the  PnnCeton  work  m on  the  study  of  simple  alcohols  (methanol  ethanol) 
alcohol/water  mixtures,  and  pure  alkanes  (n-heptane,  n-decane)  as  fuels,  with  time  dependent 

measurements  o op  size,  flame-stand-off  liquid-phase  composition,  and  finally  extinction 
Ckound  based  experiments  have  included  bench-scale  studies  at  Princeton  and  cotaive 

[2  3]  imen  3 StUdlCS  m thC  2 2 “**  518  SCCOnd  drop  tOWers  at  NASA-Glenn  Research  Center 

Glwdjox^fadhtv8  fiber'SUpported  droPlet  combustion  (FSDC)  experiments  in  the 

Ulovebox  facility  with  accompanying  numerical  analyses.  Experiments  include  FSDC-1 

performed  on  the  USML-2  mission  in  October,  1995  (STS-73)  [4  5 6 71  and  FSDC  2 nn  th* 

second  flight  of  the  MSL-1  mission  in  July,  1997  (STS-94)  [8,9].  Droplets  are  tethered  on  very 

The  r^FSDC 7 ^ eXpe,aments’  md  combustion  occurs  in  Space-Lab  cabin  air. 

the  recent  FSDC-2  experiments  covered  a number  of  different  fuels,  including  methanol 

methanol-water  mixtures,  ethanol,  ethanol-water  mixtures,  methanol-dodecanol  fixtures  n 
eptane,  n-decane  and  heptane-hexadecane  mixtures;  in  addition  to  studying  single  droplets  in 
qmescent  atmospheres,  the  FSDC  work  investigated  single  droplets  in  forced^onvective  flow  of 

FSK  hl  rr  PaiK'  h “al-  there  have  I—  -ore  ton 

FSDC  bums.  The  pnncpal  types  of  data  obtained  in  FSDC-2  were  back-lighted  droplet 

S«r,.data'  ™ e‘™gle  radlometer  measurements  during  the  combustion  event,  mi  extinction 
diameter  at  cessation  of  combustion  [8J.  Flame  diameter  information  could  also  be  estimated  in 
these  expenments  from  the  locations  of  the  flame  intersections  with  the  supposing 
drop  interactions,  flame  elongation  through  convection,  droplet  and  flame  oscillation  phenomena 
staged  combustion,  and  ignition  phenomena  could  also  be  qualitatively  studied.  Only  the  quiescent 
combustion  data  on  methanol,  ethanol  and  alcohol/water  isolated  droplet  burning  are  discussed 

M d7l<:  firS'  fUI1.  fuui'ity  droplet  combustion  experiments  (DCE),  were  flown  as  DCE-1  on  the 

m 12  TheDCF  APri!  fli8h'  <STS'83)  I'0-")  and  the  July  1997  flight  (STS-94) 

oF  frLi]f1  f , ?! i employed  n-heptane  as  the  fuel  and  addressed  mainly  the  combustion 

of  free-floated  droplets,  although  some  DCE  tests  also  utilized  a fiber  support  to  obtain  dam  for 
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comparison  with  FSDC  results.  The  DCE-1  experiments  were  conducted  primarily  ^ygen- 
helium  atmospheres  at  pressures  of  1.00  atm.,  0.50  atm.  and  0.25 f atm_  J"  f 
data  points  were  obtained  in  atmospheric  pressure  cabin  air  in  the  STS-94  ’ 
droDlets  and  2 for  fiber-supported  droplets.  Forty-four  successful  bums  were  obtained.  Th 
nrincipal  types  of  data  obtained  in  these  experiments  were  droplet  diameter  an  ame  lam 

time  histories  and  extinction  diameters,  -^cti^  of  ““£*5 W 
Some  initial  computational  compansons  with  DCE  1 aa  g 

^Tddhion^  ^nmente^dlXes  using  the  above  fuels  indroptowe^midm  space  ^e 
planned  as  pari  of  this  con.tnutng  sm^  The^  ^"^^i^d  a 
dropkt  combust, on  ^ T* £?££?, "combustion  of  methanol  and 
rrrm^XJn’and  nibogen/oxygen/helium  mtxriues,  presently 
under  consideration  for  flight  on  the  International  Space  Station. 

SUMMARY  OF  RECENT  RESULTS 

The  residts°from  methanol/water  droplet  combustion  experiments  conducted  on  FSDC-1  and 
FSDC-2  were  analyzed  and  compared  against  the  predictions  of  a detaded  numerical  mode  [ ]• 
S^modef^  is  fully  time  dependent,  with  consideration  of  detailed  methanol  oxidation 

ZrZr y,  non-.uminous  radtarive  coupling  and  wamr  dissol^d  ^ 

..  , / M r71  xh-  effect  of  internal  liquid  phase  motions  observed  m the  expenmems  wa> 

aooroximated  by  e^mg  tiquid  p^  mass  diffusive  transport  coeffiaents  [13]-  The  model  was 
found  to  quantitatively  reproduce  (without  modifications  or  adjustments)  measured  burning  ra  e, 
file  h“rories,  l well  as  extinction  diameter,  for  a wide  range  of  bubal  d—  and 

. . . . P content  The  results  showed  that  the  effect  of  radiative  heat  loss  is  significant  in 
experiments  with  initial  diameters  greater  than  3 mm.  Ironically,  the  initial  droplet dianteh ere  that 

yield  the  most  accurate  temporal  and  spatial  measurements  (>  3 mm)  are  ■ 

radiation  heat  loss  becomes  significant.  Decreased  burning  rate  and  a non-linear  increase  in 
extinction  diameter  are  observed  with  increasing  initial  diameter.  Moreover  a i critical  radiaUve 
extinction  diameter  of  6 mm,  predicted  in  a previous  study  for  methanol  droplet  combustio 
rTif^ed  experimentally.  Fortunately,  the  effect  of  radiation  loss  is  easily  handled 

aJLtf  reIXn  dte  supporting  filament  (causing  ht*.  tiansfe 

inducins  internal  liquid  phase  motions),  and  from  the  fact  that  signified  humidity  exists  m the 

cabin  air  Water  contenfof  initially  pure  alcohol  droplets  may  be  modified  dunng  **“ „f"™tooi 
dmlovment  and  ignition  phases  of  the  experiment.  Free  and  supported  expenmenB  on  methanol 

and  methanol  water  mixL  droplets  in  DCE  are  presently  in  planning.  N™e“a 
both  nibogen-oxygen  and  helium-nitrogen-oxygen  mixtures  have  been  performed  to  devetop  tea 
matrix*  Damneters^  for  dtese  futrne  experiments.  An  optimal  mixtiue  ratio  of  mtrogen/hel  urn 
mixturePresults  in  a minimum  extinction  diameter  for  droplet  combustion  in  die  same  amount  o 
oxygen  and  inert,  pressure,  and  initial  droplet  size.  The  results  demonstrate  the  competing  issues 
of  water  dissolution  and  diffusive  heat  loss  to  the  surroundings  on  droplet  extraction. 

«nc  the  comtetion  of  methanol  cmates  virtually  no  soot,  the  radiative  heat  loss  ,s  carried 
solely  by  non-luminous  thermal  radiation  from  C02,  CO  and  H;0.  In  sooting  fuels  (e.g.  alkanes, 
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aromatics,  higher  alcohols,  etc.)  the  majority  of  the  radiative  heat  loss  is  via  continuum  radiation 
from  the  soot  itself,  and  it  is  very  difficult  to  experimentally  produce  non-sooting  conditions  with 
these  fuels.  On  the  other  hand,  ethanol  bums  under  some  conditions  with  no  soot  being  formed, 
and  can  be  easily  made  to  soot  by  raising  the  ambient  pressure.  Therefore,  to  accurately  quantify 
the  radiative  heat  loss  in  sooting  droplet  combustion,  the  complicated  phenomena  governing  the 
production  and  thermophoretic  collection  of  soot  can  be  studied  more  easily  using  ethanol  as  fuel. 
Initial  experiments  on  ethanol  droplet  burning  were  conducted  as  FSDC-2  [8],  Another 
communication  in  this  volume  considers  this  approach  to  the  study  of  sooting  in  droplet 
combustion  [14]. 

n-Heptane 

Transient,  spherically  symmetric  combustion  of  single  and  multicomponent  liquid  n-alkane 
droplets  has  been  numerically  simulated  with  a model  that  includes  gas  phase  detailed  multi- 
component  molecular  transport  and  complex  chemical  kinetics.  A compact  semi-detailed  kinetic 
mechanism  for  n-heptane  and  n-hexadecane  oxidation  consisting  of  51  species  (including  He,  Ar, 
and  N2)  and  282  reactions  was  developed  to  describe  the  gas  phase  chemistry  [12].  The 
environment  was  considered  to  be  non-sooting;  however  non-luminous,  gas  phase  radiative  heat 
transfer  and  conservation  of  energy  and  species  within  the  liquid  droplet  interior  were  considered. 
Comparisons  with  experiments  included  predictions  of  the  droplet  regression  rate,  flame  diameter 
and  extinction  diameter  characteristics.  No  parameters  were  varied  to  obtain  improved  agreement 
with  experiments. 

Modeling  results  were  found  to  be  in  reasonable  agreement  with  small-diameter,  droptower 
experiments,  though  slow  convective  effects  and  droplet  sooting  effects  exist  in  the  experimental 
data.  Comparisons  with  isolated  large-diameter  free  droplet  data  from  DCE-1  (1  atm.,  He/02 
mixtures  and  air)  are  reasonable  for  droplet  gasification  rate,  flame/droplet  radius,  and  flame 
extinction.  Very  small  extinction  diameters  are  predicted  for  small  initial  diameter  droplets  (<  1 
mm).  As  droplet  size  is  increased,  or  oxygen  index  is  decreased,  the  model  predicts  decreasing 
gasification  rates  and  for  an  appropriate  range  of  parameters,  radiative  flame  extinction. 

Bi-component  droplet  combustion  of  n-heptane  and  n-hexadecane  was  also  considered,  again 
without  treating  issues  related  to  sooting.  Modeling  results  qualitatively  reproduced 
experimentally  observed,  multi-stage,  burning  resulting  from  the  volatility  differential  and 
diffiisional  resistance  of  the  liquid  components.  Internal  liquid  convection  effects  were  examined 
by  parametrically  varying  an  effective  liquid  mass  diflusivity.  Flame  extinction  was  theoretically 
shown  to  be  possible  either  in  the  initial  or  the  secondary  droplet-heating  period,  with  subsequent, 
continuing  vaporization  of  the  more  volatile  component  from  the  residual  heat  within  the  liquid 
phase.  The  latter  was  found  to  result  in  a slow,  continuing  vaporization  of  the  residual  droplet 

after  combustion  was  extinguished.  Analyses  of  the  results  of  the  DCE-1  experiments  are 
continuing. 
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Introduction 

Strained  laminar  flames  have  been  systematically  studied,  as  the  understanding  of  their 
structure  and  dynamic  behavior  is  of  relevance  to  turbulent  combustion  [e.g.  1,2].  Most  of  these 
studies  have  been  conducted  in  opposed-jet,  stagnation-type  flow  configurations.  Flame  studies  in 
stagnation  flows  also  allow  for  the  determination  of  fundamental  flame  properties  such  as  laminar 
flame  speeds  and  extinction  states  [2,3]  that  can  be  also  conveniently  modeled  in  detail 

Studies  at  high  strain  rates  are  important  in  quantifying  and  understanding  the  response  of 
vigorously-burning  flames  under  conditions  in  which  the  transport  time  scales  become  comparable 
to  the  chemical  time  scales.  Studies  of  weakly-strained  flames  can  be  of  particular  interest  for  all 
s oichiometries.  For  example,  the  laminar  flame  speeds  for  any  equivalence  ratio,  6,  can  be 
accurately  determined  by  using  the  counterflow  technique  [2,3]  only  if  measurements  are  obtained 
at  very  low  strain  rates  [4]  Furthermore,  near-limit  flames  can  be  only  stabilized  by  weak  strain 
ra  es.  Previous  studies  [5  6]  have  shown  that  weakly-burning  flames  are  particularly  sensitive  to 
chain  mechanisms,  thermal  radiation,  and  unsteadiness. 

The  stabilization  and  study  of  weakly-strained  flames  is  complicated  by  the  presence  of 
buoyancy  that  can  render  the  flames  unstable  to  the  point  of  extinction.  Such  instabilities  are 
caused  either  by  the  induced  natural  convection  or  the  fact  that  higher  density  fluid  can  find  itself 
on  top  of  a lower  density  fluid.  Thus,  the  use  of  microgravity  (pg)  becomes  essential  in  order  to 
provide  meaningful  insight  into  this  important  combustion  regime. 


Objectives 

In  view  of  the  foregoing  considerations,  the  main  objectives  of  the  program  are  to: 

1 . Experimentally  determine  the  laminar  flame  speed  at  near-zero  strain  rates. 

2.  Experimentally  determine  the  extinction  limits  of  near-limit  flames. 

3 . Experimentally  determine  the  response  of  near-limit  flames  to  unsteadiness  and  heat  loss 

4.  Introduce  Digital  Particle  Image  Velocimetry  (DPIV)  in  microgravity. 

5 . Conduct  detailed  numerical  simulations  of  the  experiments. 

6.  Provide  physical  insight  into  the  underlying  physico-chemical  mechanisms. 


Experimental  Approach 

The  counterflow  configuration  includes  two  opposing  nozzles  from  which  the  reactant  streams 
emerge  and  impinge  on  each  other.  Alternatively,  strained  flames  can  be  established  by  impinging 
one  jet  on  a flat  plate  [7],  The  implementation  of  the  stagnation  flow  technique  in  pg  required  the 
use  of  involved  modifications  compared  to  the  normal-gravity  configuration.  Given  that  the 
duration  of  the  experiments  in  the  drop  tower  is  2.2  sec,  the  system  was  automated  by  using  a 
tattletale-based  electronic  circuit.  The  ignition  takes  place  at  a higher  (for  fuel-lean  mixtures)  <f>  that 
is  then  reduced.  Both  air  and  fuel  are  stored  in  one-liter  tanks  under  elevated  pressures  and  their 
ow  rates  are  controlled  through  calibrated  sonic  nozzles.  In  order  to  assure  a better  determination 
ot  the  equivalence  ratio  at  extinction,  an  approach  was  implemented  in  which  the  fuel  reduction 
stops  at  a given  time,  and  it  is  maintained  constant  throughout  the  rest  of  the  drop.  Thus  for  a 
given  strain  rate,  the  minimum  equivalence  ratio  that  can  sustain  a flame  is  determined  Details  of 
the  pg  experimental  configuration  are  shown  in  Fig.  1. 

While  the  fluid  mechanics  under  pg  conditions  are  described  through  a global  strain  rate  the 
studies  in  normal  gravity  involve  the  measurement  of  local  strain  rates  through  Laser  Doppler 
Velocimetry  (LDV).  Furthermore,  a Particle  Streak  Velocimetry  (PSV)  technique  was  developed 
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m in  which  velocities  are  determined  by  accurately  measuring  the  lengths  of  the  particle  streaks. 

of  developing  a DPIV  technique  appropriate  for  accurate  veloctty 

measurements  in  flames  at  normal  gravity  as  well  as  in  the  2.2-sec  drop  tower. 

NllThTnumericat^imulations  of  the  experiments  are  conducted  by  using  one-dimensional  codes 
for  freely-propagating  [9]  and  stagnation-type  flames  [10].  The  codes  allow  for  the  detailed 
description  of  chemical  kinetics  and  molecular  transport.  Adding  the  effect  of  thernal  radiation  y 
usin^two  approaches  augmented  the  codes.  The  first  includes  the  use  of  the  Planck  mean 
absorption  coefficient  at  the  optically  thin  limit  [5,6]  The  second  indudes **  U*e  ^ 
narrow-band  radiation  model,  RADCAL,  developed  by  Grosshandler  [1 1]  This  model  can  predict 
the  spectral  structure  of  various  combustion  products  over  a wide  range  of  temperature,  pressure, 
and  pathlength.  Both  codes  were  also  modified  to  allow  for  one-point  continuation  approach  [ .g. 

12]  that  allows  for  the  solution  around  singular,  turning-points. 


S''”es°haveSeb?gconduc.ed  on  the  effect  of  downstream  heat  loss  on  the  dynamics  of  strained 
premixed  flames  [7],  the  effect  of  strain  rate  and  buoyancy  onnamestebi  li  ty  | [13]  *e 
determination  of  laminar  flame  speeds  [14],  the  extinction  of  near-limit  flames  H5],  «»d  1 the  effects 
of  unsteadiness  on  the  flame  response  [6,16],  Results  and  discussion  on  near-limit  flame 
extinction  and  the  determination  of  laminar  flame  speeds  are  presented  below. 

Extinction  of  Near-Limit  Lean  Premixed  Flames  . ....  . „ 

This  is  an  experimental  and  numerical  study  of  the  extinction  of  strained,  nea r-hmit  lean 
laminar  premixed  flames  stabilized  in  an  opposed-jet  configuration.  Previous  studies  [17,  ] 

have  revealed  that  the  dependence  of  the  extinction  strain  rate,  Kext,  on  ^e  eqmya  ence  ratio  ^ 
deoends  on  the  mixture's  Le  number.  Experiments  were  conducted  in  pg  [17]  and  a C-shape 
behavior  was  found  for  lean  CHa/air  mixtures,  with  Le<l.  These  results  were  numenca  ly 
reproduced  [18]  and  the  bifurcation  was  found  to  be  caused  by  the  strain  rate,  as  the  strain  rate 
increases  and  to  the  synergistic  effect  of  radiative  losses  and  reduction  of  reaction  intensity  as  the 
“ate  decreases  for  Le<l  mixtures.  However,  a quantitative  discrepancy  was  found  between 

thC  ifwa'sTubsequently  malted  that  the  pg  experiments  of  Ref.  17  were  affected  by i heaj 
losses  as  a small  (1-cm)  burner  separation  distance  was  used.  Experiments  for  lean  CITj/air 
CxH»/air  mixtures  were  conducted  by  allowing  for  large  separation  distances  (3-5  cm).  ese  n 
data  are  shown  in  Fig.  2 along  with  numerical  predictions  that  appear  to  be  in  better  agreement  as 
compared  to  the  previous  results  [17,18],  Our  experiments  also  confirm  the  previously  observed 
dependence  of  kL  on  The  numerical  simulations  were  conducted  with  and  without  upstream 
heat  losses  It  was  found  that  upstream  heat  losses  facilitate  extinction.  Figure  3 depicts  the 
numerically  determined  variation  of  the  maximum  flame  temperature  with  the  global  strain  rate. 
Similarly  to  previous  findings  [18],  two  extinction  limits  are  observed. 

^ j-  r beenh  previo,usiy 

achieved  as  a premixed  flame  must  be  stabilized  in  the  laboratory  either  through  stretch,  curvature, 
and/or  heat  loss  Achieving  ultra-low  strain  rates  in  the  traditional  stagnation  flow  technique  is 
prohibited  by  a number  of  flame  instabilities  caused  by  buoyancy  and  pressure  forces  [14].  It  was 
realized  however,  that  a flat  flame  undergoes  a transition  to  a Bunsen  flame  as  the  flow  rate 
reduced’and  for  relatively  large  nozzle-stagnation  plane  separation  dis^ce.  Given  thtrt  a flame 
is  nositivelv  stretched  while  a Bunsen  flame  is  negatively  stretched  [e.g.  ],  yp 

that  as  the  flame  undergoes  that  transition  it  must  temporarily  pass  through  a state  of  near-zero 

stretch  The  schematic  of  transition  is  shown  in  Fig.  4.  , , . 

Recording  the  flow  velocity  at  locations  around  the  vicinity  of  the  transition  region  tested 
hypothesis  As  the  flow  rate  is  (slowly)  reduced  and  the  flame  approaches  the  measuring  point 
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minimum  velocity  is  reached,  defined  as  a reference  flame  speed  Sref.  The  variation  of  Sref  with 
location  x is  shown  in  Fig.  5,  and  a "plateau"  is  observed  jyst  before  the  transition  initiates.  That 
plateau  value  is  defined  as  the  true  laminar  flame  speed,  Sy  , as  just  before  the  transition  initiates 
the  lowest  possible  strain  rate  is  obtained.  Global  strain  rates  were  determined  and  values  of  the 
order  of  5-10  s'1  were  found.  PSV  measurements  [8]  of  the  local  strain  rate  revealed  values  of  the 
order  of  10-30  s-1  for  near-stoichiometric  flames,  which  correspond  to  Karlovitz  numbers  Ka  « 
O(10-’).  Laminar  flame  speeds  were  determined  for  atmospheric  CH^air,  C2H6/air,  and  C^Hg/air 
mixtures.  The  present  CH^air  laminar  flame  speeds  are  shown  in  Fig.  6 along  with  values 
determined  through  linear  extrapolations  from  data  obtained  in  counterflow  flames. 

Measurements  for  very  lean  and  very  rich  flames  were  not  possible  as  the  flame  shape  is 
curved  upwards  by  buoyancy,  as  the  forced  convection  is  reduced.  Thus,  the  transition  is  not 
possible  and  such  measurements  will  be  conducted  under  pg  conditions  with  DPIV. 
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Fig.  I Schematic  of  the  microgravity  experimental  system  Equivalence  Ratio,  <t> 

Fig.  2 Global  extinction  strain  rates  for  lean  flames 
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Fig.  4 Schematic  of  transition  from  flat  to  Bunsen  flame 
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Fig.  6 Laminar  flame  speeds  of  CH4/air  flames 


26 


REFLIGHT  OF  THE  SOLID  SURFACE  COMBUSTION 
EXPERIMENT:  FLAME  RADIATION  NEAR  EXTINCTION 

R.A.  Altenkirch  1 , M.F.  Bundy^,  L.  Tangl,  S.  Bhattacharjee^,  K.  Sacksteder^,  and  M.A. 

Delichatsios^,  * Mississippi  State  University,  Office  of  Research,  NSF  Engineering 
Research  Center  for  Computational  Field  Simulation,  617  Allen  Hall,  Mississippi  State, 
MS  39762,  altenkirch@research.msstate.edu.  ^Washington  State  University,  School  of 
Mechanical  and  Materials  Engineering,  Pullman,  WA  99164,  bundv@mme.wsu.edu, 
^San  Diego  State  University,  Department  of  Mechanical  Engineering,  San  Diego,  CA 
92182,  subrata@vovager5.sdsu.edu,  ASA  Lewis  Research  Center,  21000  Brookpark 
Road,  Cleveland,  OH  44135,  kurt.sacksteder@lerc.nasa.gov.  ^CSIRO  Building, 
Construction  & Engineering,  North  Ryde,  NSW  2113,  AUSTRALIA, 
michael.delichatsios@,svd.dbce.csiro.au 


INTRODUCTION 

In  flame  spreading  in  quiescent  and  low-velocity  opposing  flows,  effects  of  surface 
reradiation  and  flame  radiation  are  important  in  establishing  the  spread  rate  and  whether  the 
flame,  once  ignited,  survives  to  steady  spread  or  extinguishes  after  a time  long  compared  to  the 
ignition  event  (Altenkirch  et  al.,  1999).  A reflight  of  the  Solid  Surface  Combustion  Experiment 
(SSCE),  supported  by  modelling,  demonstrates  that  for  thick,  flat  fuels,  the  ultimate  fate  of  the 
flame  is  extinction  rather  than  steady  spread  (West  et  al.,  1996;  Altenkirch  et  al.,  1999).  A 
mismatch  between  the  thermal  scale  in  the  gas,  driven  by  radiation,  and  the  species  diffusion 
scale,  driven  by  mass  diffusion,  develops  such  that  the  high  temperature  regions  of  the  flame  are 
ultimately  located  in  a region  to  which  oxygen  cannot  be  supplied  at  a sufficient  rate  to  sustain 
reaction,  and  extinction  occurs.  Results  of  the  experiment  conducted  on  Space  Shuttle  mission 
STS  85  on  9 August  1 997  are  reviewed. 

For  the  flat  surface  geometry,  while  the  hydrodynamic  phenomena  associated  with  opposed- 
flow  flame  spread  may  be  treated  two  dimensionally,  the  radiative  effects  are  three  dimensional, 
and  so  modelling  the  radiative  processes,  with  the  mismatch  in  dimensionality,  is  difficult.  The 
cylindrical  geometry,  at  least  one  long  compared  to  the  radius,  provides  a configuration  in  which 
the  radiative  processes  for  spread  in  the  axial  direction  are  two  dimensional,  thus  simplifying  the 
modelling.  The  cylindrical  geometry  allows  for  the  development  of  more  sophisticated  radiative 
models  without  the  complication  of  dimensionality  concerns,  e.g.,  discrete  transfer,  which  is 
discussed  in  detail  by  Bundy  (1998).  Additionally,  the  cylindrical  geometry  results  in  a 
“focussing”  of  the  heat  transfer  to  the  surface  and  may  allow  for  steady  spread  for  radii  that  for 
thick  fuels  of  the  same  half-thickness  there  is  no  steady  spread. 

FLAT  SURFACE  EXPERIMENT 

Results  and  analysis  of  this  experiment  are  presented  in  detail  elsewhere  (Altenkirch  et  al., 
1999).  The  test  apparatus  was  similar  to  that  used  in  earlier  experiments  (West  et  al.,  1996),  but 
with  some  notable  changes.  A single  PMMA  sample,  59.9  mm  long,  3.18  mm  thick,  and  6.35 
mm  wide,  more  than  twice  the  length  of  the  earlier  samples  was  used  to  obtain  observations  of 
the  extended  flame  lifetime  predicted  by  the  numerical  results.  As  before,  the  experiment  was 
conducted  inside  a 39  liter  chamber  filled  before  flight  with  a mixture  of  50%  02.  50%  N:  at  1 
atm. 
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The  flame  progress  data  were  extracted  from  over  15,800  images  from  a video  camcorder 
using  an  image  analysis  package  developed  by  NASA  (Klimek  et  al.,  1996).  As  predicted  by 

moved  past  and  then  away  from  the  ignitor 
during  the  early  phase  of  the  flame  lifetime. 
Later  the  trailing  edge  reversed  direction  and 
advanced  toward  the  ignitor.  In  the  original 
video,  the  ignitor  wire  appears  to  reach 
incandescent  temperatures  very  briefly  at 
this  point.  Thereafter,  the  trailing  edge 
recedes  from  the  ignitor  and  spreads  forward 
upstream  at  a steady  rate.  The  experimental 
results  for  the  leading  and  trailing  edge  are 
shown  in  Fig.  1.  Detailed  discussion  of  the 
model  results,  which  are  consistent 
qualitatively  with  Fig.  1,  are  described  by 
Altenkirch  et  al.  (1999).  The  disturbance  to 
which  Fig.  1 refers  was  a bubble  of  fuel 
vapor  apparently  bursting,  briefly  ejecting  a 
jet  toward  the  flame.  This  fuel  jet  is  visible 
in  only  two  video  frames  (30  frames  per  s) 
indicating  a maximum  duration  of  less  than 
l/10,h  s. 

The  interpretation  of  the  experimental  behavior  of  the  leading  edge  of  the  flame  is  that  local 
quenching  occurs,  and  the  leading  edge  retreats  into  a region  of  previously  heated  fuel.  For  the 
trailing  edge  the  forward  motion  occurs  because  of  heat  loss  near  the  trailing  edge  quenching  the 
flame  there,  while  the  backward  motion  is  interpreted  to  occur  because  the  trailing  edge  spreads 
back  into  previously  heated  fuel  as  the  leading  edge  approaches  the  trailing  edge  to  heat  the  fuel 
and  oxidizer  there  further  while  oxygen  diffuses  in.  The  trailing  edge  then  moves  forward  again 
because  the  heat  losses  at  the  trailing  edge  are  sufficient  to  quench  the  flame  there  again. 
Computationally,  the  trailing  edge  is  not  predicted  to  move  backward;  the  heat  losses  and  three- 
dimensional  effects  that  occur  in  the  trailing  edge  of  the  flame  are  modelled  only  approximately. 

CYLINDRICAL  GEOMETRY  EXPERIMENTS 

The  hardware  for  the  OFFS  (Opposed-Flow  Flame  Spread)  Glovebox  experiments  is  shown 
in  Fig.  2 and  consists  of  two  variable  speed  wind  tunnels,  eight  fuel  sample  assemblies,  and  a 
control  box.  The  miniature  wind  tunnels,  OFFS  Modules  1 and  2,  provided  opposing  airflow. 
Module  1 provided  flows  in  the  range  of  5-9  cm/s,  and  Module  2 was  used  for  flows  in  the  range 
of  2-5  cm/s. 

Each  fuel  sample  assembly  consisted  of  a cellulosic  fuel  cylinder  mounted  on  ceramic  rods 
that  were  attached  to  the  sample  holder  frame.  The  OFFS  control  box  provided  control  of  the 
Module  fan  speed,  gas  sampling  for  oxygen  content,  and  fuel  ignition. 


Fig.  1 Experimental  flame  location 


the  numerical  model  described  in  detail 
elsewhere  (Altenkirch  et  al.,  1999),  the 
flame  leading  edge  advances  at  a 
continuously  decreasing  rate,  stops,  recedes 
and  quenches.  The  trailing  edge  of  the  flame 
began  over  the  back  end  of  the  sample  and 
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Eight  flame  spread  experiments  were  conducted  aboard  the  MIR  Space  Station  in  March  1997 
using  the  hardware  described  above.  Three  of  the  cellulose  fuel  samples  were  small  diameter 
cylinders  (7.5  mm),  and  five  of  the  samples  were  large  diameter  cylinders  (12  mm).  The 
environmental  conditions  for  each  of  the  experiments  were  1 atm  pressure  and  21%  oxygen 
concentration  (nominally  station  air).  A summary  of  the  experimental  results  is  presented  in  the 
table  below. 

The  SSCE-reflight  used  the  same  hardware  as  the  original  SSCE,  except  for  the  fuel  sample 
assembly.  Two  fuel  samples  were  used  to  represent  three  fuel  geometries  (Fig.  3).  The  first 
sample  was  a small  diameter  solid  PMMA  cylinder.  The  diameter  of  this  sample  was  2 mm,  and 
the  sample  length  was  44  mm.  The  second  sample  was  a large  diameter  PMMA  cylinder  that  was 
hollow  at  one  end  to  provide  a thin  and  thick  configuration  in  one  sample.  The  sample  had  a 
diameter  of  6.4  mm  and  a length  of  4 cm.  The  first  2 cm  of  the  fuel  was  hollow  with  a wall 
thickness  of  1 mm,  and  the  second  half  of  the  fuel  was  solid. 


Fig.  2 OFFS  hardware  Fig.  3 SSCE  cylindrical  samples 

Results  from  the  OFFS  and  SSCE  cylindrical  experiments  are  summarized  in  the  table  below 
in  terms  of  the  experiments  conducted  and  the  spread  rates.  Additional  detail  is  given  by  Bundy 
(1998).  Spreading  is  steady  and  is  predicted  to  be  so  for  the  cylindrical  PMMA  fuel  in  a 
quiescent  environment  for  radii  up  to  about  10  mm  for  50%  02,  where  as  the  3.18  mm  half- 
thickness flat  sample  exhibited  the  unsteady  spread  to  extinction  shown  above. 

CONCLUSIONS 

We  have  demonstrated  experimentally  that  flame  spread  over  a thick,  flat  fuel  in  a quiescent, 
microgravity  environment  is  inherently  unsteady,  with  the  ultimate  fate  of  the  flame  being 
extinction.  Modelling  predicts  this  behavior  for  all  02  concentrations  up  to  pure  oxygen  for 
spread  over  PMMA  at  1 am. 

The  results  from  the  OFFS  experiment  in  microgravity  showed  an  apparent  geometric 
flammability  limit  for  cellulose  fuel  cylinders  in  a low  opposed  oxidizer  flow.  All  three  small 
diameter  samples  ignited  and  burned  completely,  while  4 of  the  5 large  diameter  samples  did  not 
ignite,  and  the  one  sample  that  did  ignite  in  a 9 cm/s  flow  extinguished  when  the  flow  velocity 
was  reduced.  The  small  diameter  sample  experiments  showed  an  increase  in  flame  spread  rate 
when  the  flow  velocity  was  increased  from  2 cm/s  to  5 cm/s,  however  the  spread  rate  was 
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slowest  at  the  flow  velocity  of  9 
cm/s.  A possible  explanation  for 
this  unexpected  decrease  in  spread 
rate  for  the  fastest  flow  is  that  the 
sample  was  mounted  with  5 gas- 
phase  thermocouples,  which  may 
have  quenched  the  flame  enough 
to  significantly  lower  its  spread 
rate. 

The  results  of  the  STS  91  Solid 
Surface  Combustion  Experiment 
showed  the  effects  of  cylindrical 
PMMA  fuel  geometry  on  flame 
spread  in  a quiescent  microgravity 
environment.  As  predicted  by  the 
computations,  the  spread  rate 
decreased  as  the  fuel  radius  and 
then  thickness  were  increased. 
The  computed  temperature, 
structure,  and  spread  rates  for  the 
3 cases  compared  reasonably  well 
with  the  experiment  in  both 
quality  and  quantity. 
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Experiment 

Measured  Exp 
Spread  Rate 

Model 
Spread  Rate 

SSCE,  Sample  1,  PMMA  R=1 
mm,  solid.  Quiescent 

3. 1 1 mm/s 

2.92  mm/s 

SSCE,  Sample  2,  PMMA  R= 
3.2mm,  t=1  mm.  Quiescent 

0.93  mm/s 

0.83  mm/s 

SSCE,  Sample  2,  PMMA  R= 
3.2mm,  solid,  Quiescent 

0.78  mm/s 

0.61  mm/s 

OFFS,  Sample  1,  cellulose  R=7 
mm,  vg=5  cm/s 

0. 1 1 mm/s 

0.0925  mm/s 

OFFS,  Sample  2,  cellulose  R=7 
mm,  vg=9  cm/s 

0.049  mm/s 

0.102  mm/s 

OFFS,  Sample  4,  cellulose  R=12 
mm,  v =9  cm/s 

0.036  mm/s 

0.0616  mm/s 

OFFS,  Sample  4,  cellulose  R=12 

mm,  vg=7  cm/s 

No  flame 

0.0532  mm/s 

OFFS,  Sample  4,  cellulose  R^12 
mm.  v =5  cm/s 

No  flame 

0.0391  mm/s 

OFFS,  Sample  5.  cellulose  R^7 
mm,  v =2  cm/s 

0.063  mm/s 

0.05 16  mm/s 
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INTRODUCTION 

Classical  understanding  of  diffusion  flames  dictates  that  they,  unlike  the  premixed  flames,  do 
not  posses  a characteristic  propagation  velocity  and  are  constrained  by  stoichiometric 
requirements  at  the  flame  surface.  However,  it  has  been  commonly  observed  that  when  local 
extinction  occurs  within  a diffusion  flame  sheet,  the  edges  that  are  formed  propagate  with  distinct 
speeds.  In  general,  the  propagation  speed  of  these  edges  depend  on  their  geometrical  shape 
(concave,  convex,  or  straight)  among  other  factors.  Recently,  Buckmaster  [1,2]  investigated  the 
dynamics  of  straight  diffusion  flame  edges  separating  burning  and  quenched  regions  using 
simplified  one-dimensional  models.  He  showed  that  these  flame  edges  can  have  positive, 
negative,  or  zero  velocity  depending  on  the  Damkohler  number  of  the  equilibrium  diffusion  flame 
that  support  them.  It  was  also  shown  that  this  unsteady  flame-edge  behavior  is  intrinsically  linked 
to  S-curve  behavior  of  the  diffusion  flame  with  varying  Damkohler  number.  When  the  system 
Damkohler  number  lies  between  the  extinction  and  ignition  limits,  flame  edges  can  propagate  as 
an  “ignition  wave”  or  as  a “failure  wave,”  and  for  a critical  Damkohler  number  remain  as  a 
stationary  flame-edge. 

We  have  extend  Buckmaster’s  1-d  model  to  more  general  edge-flame  configurations  where  the 
edges  appear  as  “flame  holes”[3]  or  as  “flame  disks”  [4],  These  two  configurations  along  with 
the  straight-edge  case  cover  the  entire  range  of  possible  edge-flame  geometry  observable  in  planar 
diffusion-flame  sheets.  A generalized  map  of  edge-flame  propagation  velocities  as  function  of  the 
system  Damkohler  number  and  the  edge-flame  radius  is  presented.  Experimentally  we  show  that 
edge  flames  can  be  created  using  diffusion  flames  embedded  in  von  Karman  boundary  layers  [5]. 
In  a von  Karman  boundary  layer,  the  flow  is  generated  by  spinning  a solid  (fuel)  disk  in  a 
quiescent  ambient  gas.  Under  normal  gravity  we  were  able  to  produce  “flame  disks  over  a range 
of  fuel-disk  rotational  velocitiesQ  varying  from  0 to  20  revolutions  per  second,  by  orienting  the 
burning  surface  of  the  fuel  disk  facing  downward. 

THEORETICAL 

Consider  a diffusion  flame  which  is  established  by  the  intermixing  of  fuel  and  oxidizer  supplied 
along  the  z-axis.  Local  extinctions  can  occur  in  the  flame  sheet  due  to  perturbations  in  the  strain 
rate  leading  to  the  formation  of  edge-flames.  We  consider  two  different  edge-flame 
configuration:  a “flame  hole”  where  a steady  flame  surrounds  a quenched  region,  and  a “flame 
disk”  where  the  quenched  region  surrounds  a disk-shaped  burning  zone.  Following  Buckmaster 
we  use  activation-energy  asymptotic  techniques  to  derive  expressions  for  edge  speed  as  a function 
of  system  Damkohler  number  and  the  instantaneous  radius  of  curvature.  In  this  technique  the 
region  surrounding  the  edge  is  divided  into  three  zones,  namely,  the  uniform  burning  zone,  a very 
thin  reactive-diffusive  zone  at  the  edge,  and  the  quenched  zone.  Expanding  the  dependent 
variables  in  terms  of  e,  the  dimensionless  activation  energy,  and  suitably  scaling  the  independent 
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variables  and  matching  the  results  of  each  zone  along  the  interface  we  obtain  expression  for  the 
quasi-steady  propagation  speeds  of  the  edges  as  a function  of  a reduced  Damkohler  number  and 
the  edge  radius.  The  details  of  the  analysis  can  be  found  in  [3-4],  Table  1 summarizes  the  major 
results  of  the  analysis  where  expressions  for  dimensionless  edge-flame  speedPe  ( =dRf  / dr)  are 

given  implicitly  through  the  reduced  Damkohler  number/^  and  the  dimensionless  radius/? ,, . 

Note  that  a positive  values  Pe  for  a “flame  hole”  corresponds  to  an  extinction  wave,  while  it  is  an 
ignition  wave  for  a “flame  disk.” 


Table  1.  Summary  of  1-d  model  results  for  flame  holes  and  flame  disks. 
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In  Tabled  A/j a,  1,-2]  and  U[a,  1,Q  are  the  two  linearly  independent  confluent  hypergeometric 
functions,  also  known  as  the  Kummer  functions,  cp  is  the  digamma  function,  k = 

-1/2 (Pe  + V Pe2  + 4 ) , a=  k/(2k  + Pe) . and  C, f = -JPe 2 +4 Rf  . Figure  1 is  a plot  of  the  quasi- 
steady results  shown  in  Table  1 for  both  flame  holes  and  disks  and  illustrates  the  various  regimes 
that  are  possible  for  planar  edge  flames.  Note  that  as  /?,->  °o5  the  straight-edge  results  of 

Buckmaster  are  recovered.  For  large  P*,  disks  expand  and  holes  shrink  leading  to  a steadily 
burning  flame.  On  the  other  hand  for  smalLP*,  disks  shrink  and  holes  expand  leading  to  complete 
flame  extinction.  In  the  shaded  region  the  holes  shrink  at  a slower  rate  than  the  collapsing  disks, 
i.e.,  failure  waves  catch  up  with  ignition  waves,  a scenario  that  might  lead  to  “flame  strings.”  It 
can  also  be  seen  from  the  analysis  that  the  only  stationary  solutions  for  flame  edges  correspond  to 
a straight  edge  with  P*=  1 . 

EXPEIMENT  AL 

A planar  diffusion-flame  sheet  was  created  by  igniting  a spinning,  PMMA  fuel  disk  of  20  cm  in 
diameter  and  1.2  cm  thickness  in  air.  The  burning  surface  of  the  fuel  disk  was  oriented  facing 
downward  to  avoid  distortions  of  the  flame  by  buoyancy  effects.  In  this  configuration  the 
buoyancy  forces  aid  the  von  Karman  flow  generated  by  the  rotation  of  the  fuel  disk  and  the 
diffusion  flame  established  within  this  mixed  boundary-layer  flow  remained  flat.  Ignition  was 
achieved  by  plying  a butane  torch  across  the  face  of  the  fuel  plate  after  the  desired  spin  velocity 
was  established  by  a stepper  motor  controlled  by  a lap-top  computer.  Ignition  duration  was 
varied  over  a range,  starting  with  a few  seconds  up  to  a minute.  When  long  duration  ignition  was 
employed,  the  fuel  disk  was  heated  uniformly  across  its  thickness,  and  a steady  burning  flame 
covering  the  entire  face  of  the  fuel  disk  was  established  for  all  rotational  velocities  of  the  fuel  disk 
investigated  under  normal  gravity.  When  short  duration  ignition  was  employed,  however,  only  a 
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thin  layer  of  the  fuel  surface  was  heated,  and  the  in-depth  heat  loss  from  the  fuel  surface  led  to 
transient  burning  in  the  gas  phase  lasting  several  seconds.  The  dynamics  of  these  transient,  blue 
flames  were  recorded  using  an  intensified-array  video  camera  at  a rate  of  30  frames  per  second. 

Starting  with  a fresh  fuel  disk,  several  runs  were  made  using  the  same  disk.  Each  run 
consisted  of  igniting  the  fuel  disk  and  recording  the  transient  flame  behavior.  During  earlier  runs, 
when  only  a thin  layer  of  the  fuel  disk  was  heated,  flame  disks  of  finite  radius  were  found  to  form 
and  then  shrink  rapidly.  Figure  2a  shows  the  results  forft=8  rps  for  several  consecutive  runs. 
After  the  disk  was  ignited  several  times  it  eventually  becomes  nearly  uniformly  heated  and 
exhibited  a growing  flame  disk.  This  is  consistent  with  the  1-d  model  predictions,  because  as  the 
fuel  disk  enthalpy  increases,  the  effective  enthalpy  of  vaporization  decreases,  the  overall 
Damkohler  number  increases,  and  the  flame  edge  transitions  from  a failure  wave  to  an  ignition 
wave  as  predicted  by  the  model.  Figure  3b  shows  the  flame-disk  radius  as  function  of  time  for 
several  different  rotational  speeds.  Since  the  system  Damkohler  number  is  inversely  proportional 
to  the  rotational  velocity  ft,  as  the  rotational  velocity  increases  the  edge  speed  decreases. 
According  to  the  1-d  model  prediction,  for  large  flame-disk  radius  the  product  of  flame-edge 
speed  and  rotational  velocity  should  approach  a constant.  Figures  2b  and  3b  shows  a plot  of QPe 
as  a function  of  Rf . As  anticipated  for  large  R,  values  the  product  approaches  a constant.  The 
1-d  model  predicts  that  shrinking  flame  holes  can  be  observed  at  high  rotational  speeds. 
However,  only  occasionally  flame  holes  are  observed  in  our  experiments.  This  may  be  due  to  the 
fact  that  the  radial  velocity  component,  ignored  in  the  model,  plays  a role  in  the  behavior  of  the 
flame  hole  or  the  framing  rate  of  the  video  camera  is  not  sufficient  to  capture  the  flame-hole 

dynamics. 
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Fig.  I:  Various  edge-flame  regimes  predicted  by  the  1-d  model 


Fig.  2:  Flame  disk  behavior  at  successive  bums  at  a fixed  angular  velocity,  0 = 8 revolutions  per  second  (a)  flame  radius  vs 
time  and  (b)  flame  edge  velocity  multiplied  by  angular  velocity  vs.  flame  radius. 


Fig.  3:  (a)  Flame  radius  vs.  time  and  (b)  flame  edge  velocity  multiplied  by  angular  velocity  vs.  flame  radius 
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INTRODUCTION 

The  possibility  of  an  accidental  fire  in  space-based  facilities  is  a primary  concern  of  space  ex- 
ploration programs.  Spacecraft  environments  generally  present  low  velocity  air  currents  produced 
by  ventilation  and  heating  systems  (of  the  order  of  0.1  m/s),  and  fluctuating  oxygen  concentra- 
tions around  that  of  air  due  to  C02  removal  systems.  Recent  experiments  of  flame  spread  in  mi- 
crogravity [1]  show  the  spread  rate  to  be  faster  and  the  limiting  oxygen  concentration  lower  than 
in  normal-gravity.  To  date,  there  is  not  a material  flammability-testing  protocol  that  specifically 
addresses  issues  related  to  microgravity  conditions.  The  present  project  (FIST)  aims  to  establish  a 
testing  methodology  that  is  suitable  for  the  specific  conditions  of  reduced  gravity. 

The  concepts  underlying  the  operation  of  the  LIFT  apparatus,  ASTM-E  1321-93  [2-5],  have 
been  used  to  develop  the  Forced-flow  Ignition  and  flame-Spread  Test  (FIST)  [6].  As  in  the  LIFT, 
the  FIST  is  used  to  obtain  the  flammability  diagrams  of  the  material,  i.e.,  graphs  of  ignition  delay 
time  and  flame  spread  rate  as  a function  of  the  externally  applied  radiant  flux,  but  under  forced 
flow  rather  than  natural  convection  conditions,  and  for  different  oxygen  concentrations.  Although 
the  flammability  diagrams  are  similar,  the  flammability  properties  obtained  with  the  FIST  are 
found  to  depend  on  the  flow  characteristics. 

A research  program  is  currently  underway  with  the  purpose  of  implementing  the  FIST  as  a 
protocol  to  characterize  the  flammability  performance  of  solid  materials  to  be  used  in  microgravity 
facilities.  To  this  point,  tests  have  been  performed  with  the  FIST  apparatus  in  both  normal-gravity 
and  microgravity  conditions  to  determine  the  effects  of  oxidizer  flow  characteristics  on  the  flam- 
mability diagrams  of  polymethylmethacrylate  (PMMA)  fuel  samples.  The  experiments  are  con- 
ducted at  reduced  gravity  in  a KC-135  aircraft  following  a parabolic  flight  trajectory  that  provides 
up  to  25  seconds  of  low  gravity.  The  objective  of  the  experiments  is  to  obtain  data  of  ignition  de- 
lay and  flame  spread  rate  at  low  flow  velocities  (0.1  to  0.2  m/s),  which  cannot  be  obtained  under 
normal  gravity  because  of  the  natural  convection  induced  flows  (~0.5  m/s).  Due  to  the  limited  re- 
duced gravity  time,  the  data  can  only  be  obtained  for  high  radiant  fluxes,  and  are  consequently 
limited  in  scope.  These  tests  do,  however,  provide  insight  into  the  flammability  diagram  charac- 
teristics at  low  velocity  and  reduced  gravity,  and  also  into  the  implications  of  the  flow-dependence 
of  the  flammability  properties  under  environments  similar  to  those  encountered  in  space  facilities. 

NORMAL  GRAVITY  FLAMMABILITY  DIAGRAMS 

The  flammability  diagrams  and  fuel  properties  are  obtained  from  a series  of  piloted  ignition  and 
flame-spread  tests  obtained  with  the  FIST  apparatus.  The  normal-gravity  FIST  apparatus  consists 
of  a rectangular  combustion  wind  tunnel  with  a fuel  sample  mounted  in  one  of  the  test  section 
walls  and  an  array  of  electrically  heated  radiant  panels  mounted  in  the  opposite  wall  to  that  hold- 
ing the  fuel  sample.  The  remaining  two  walls  consist  of  quartz  glass  to  permit  optical  imaging. 
The  560  mm  long  test  section  has  a duct  cross-section  that  is  127  mm  wide  by  100  mm  high.  The 
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fuel  sample  holder  consists  of  a 25  mm  thick  Marinite  section  milled  out  to  the  fuel  sample  thick- 
ness such  that  the  exposed  fuel  surface  is  mounted  flush  to  the  wall  of  the  test  section.  A 
Nichrome  wire  igniter  is  located  10  mm  downstream  of  the  trailing  edge  of  the  fuel  sample.  Par- 
allel to  the  fuel  surface,  a forced  gas  flow  of  a predetermined  velocity  and  oxygen  concentration  is 
metered  via  critical  (choked)  flow  nozzles  and  conditioned  by  a honeycomb  filled  settling  section 
and  converging  duct.  More  detailed  information  on  the  experimental  facility  is  provided  in  [7], 

For  the  ignition  delay  experiments,  the  surface  of  the  fuel  is  impulsively  exposed  to  a uniform 
radiant  heat  flux  ranging  from  10  to  45  kW/m2  with  the  pilot  activated  simultaneously.  Experi- 
ments are  conducted  for  flow  velocities  (measured  prior  to  heating)  which  range  from  natural 
convection  (~  0.5  m/s)  to  2.5  m/s.  The  piloted  ignition  delay  of  the  solid  fuel  is  recorded  as  a 
function  of  the  given  conditions,  and  plotted  in  diagrams  of  ignition  delay  versus  radiant  flux  at 
the  fuel  surface,  for  different  flow  velocities  and  oxygen  concentrations. 

For  the  flame  spread  tests,  a surface  heat  flux  is  used  that  decays  from  the  critical  value  for  ig- 
nition at  the  downstream  edge  of  the  fuel  sample  to  a decreased  flux  at  the  leading  edge  of  the 
sample.  This  spatial  variation  of  the 
external  flux  allows  for  the  flame 
spread  rate  dependence  on  the  local 
incident  heat  flux  to  be  determined 
with  a minimum  number  of  fuel 
samples.  The  fuel  is  ignited  with 
the  pilot  once  thermal  equilibrium 
heating  conditions  have  been 
reached.  The  corresponding  flame 
spread  rate  is  the  maximum  op- 
posed spread  rate  attainable  for  the 
given  flow  conditions.  A more  de- 
tailed description  of  the  experi- 
mental methods  is  provided  in  [7]. 

Figure  1 shows  the  variation  of 
the  normal  gravity  flammability 
diagrams  [7]  for  PMMA  subject  to  natural  convection  conditions  (no  forced  flow  velocity)  and 
forced  air  flow  velocities  of  1.0  and  2.5  m/s.  Nominally,  as  the  incident  heat  flux  increases,  the 
ignition  delay  decreases  and  spread  rate  increases.  As  the  flow  velocity  increases,  the  convective 
cooling  results  in  the  increase  of  the  ignition  delay  and  reduction  of  the  spread  rate.  The  asymp- 
totic value  of  the  radiant  flux  below  which  piloted  ignition  does  not  occur  (the  critical  heat  flux 
for  ignition)  may  also  be  read  from  Fig.  1 for  different  flow  velocities.  This  critical  value  corre- 
sponds to  the  condition  in  which  the  heat  losses  from  the  fuel  surface  (which  vary  as  a function  of 
flow  velocity)  balance  the  external  heat  flux  imposed  prior  to  reaching  the  necessary  solid  gasifi- 
cation rate,  thus  preventing  ignition.  The  critical  heat  flux  also  corresponds  to  that  at  which  the 
fuel  gasification  is  high  enough  prior  to  flame  arrival  so  that  the  flame  flashes  across  the  material 
surface  at  near  the  premixed  flame  propagation  rate.  The  flammability  diagrams,  as  those  of  Fig. 
1,  together  with  a model  for  ignition  delay  and  flame  spread,  may  be  used  to  obtain  fire  properties 
of  the  material  such  as  the  thermal  inertia,  critical  heat  flux  for  ignition,  ignition  temperature  and 
flame  spread  constants.  Clearly,  these  properties  are  a function  of  the  flow  velocity.  Recent 
PMMA  data  for  varying  flow  oxygen  concentrations  show  that  the  ignition  delay  is  independent 
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of  the  oxygen  concentration  for  values  larger  than  30%,  and  increases  as  the  oxygen  concentra- 
tion is  decreased  below  this  value  until  ignition  is  no  longer  possible  for  oxygen  concentrations 
below  17%  [8]. 

MICROGRAVITY  FIST  KC-135  EXPERIMENTS 

The  KC-135  microgravity  FIST  apparatus  consists  of  an  aluminum  frame  containing  the  sam- 
ple positioning  system,  radiant  panel  arrays,  and  supporting  instrumentation,  that  is  housed  within 
the  Spacecraft  Fire  Safety  Facility  (SFSF)  environmental  chamber.  A more  detailed  description  of 
this  facility  can  be  found  in  [9].  The  SFSF  chamber  has  an  internal  volume  of  36  L and  has  domed 
ends  to  provide  a smooth  oxidizer  flow.  Computer  controlled  solenoid  valves  regulate  the  flow 
rates  and  maintain  a pressure  of  1 atm  throughout  the  chamber.  The  bottled  oxidizer  (zero  air)  is 
forced  through  a sintered  bronze  plate,  providing  uniform  flows  of  up  to  0.40  m/s  and  is  ex- 
hausted through  a PID  controlled  solenoid  to  the  KC-135  overboard  vent.  The  aluminum  insert 
has  a fixed  array  of  temperature  controlled  radiant  panels,  a pair  of  Nichrome  wire  igniters,  and  a 
stepper  motor  to  position  the  fuel  sample  cards.  The  fuel  sample  cards  contain  two  12  mm  thick, 
40  mm  square  PMMA  samples  with  type  K thermocouples  located  on  both  the  front  and  rear 
surfaces.  The  sample  cards  are  fixed  to  a mounting  plate  attached  to  the  stepper  motor  and  posi- 
tioned by  a data  acquisition  and  control  computer.  A more  detailed  description  of  this  facility  can 
be  found  in  [10]. 

Prior  to  entering  the  first  parabolic  trajectory,  the  heaters  are  brought  to  the  desired  tempera- 
ture set  point.  During  the  pull-up  of  the  trajectory,  the  oxidizer  flow,  ranging  from  0.02  to 
0.25  m/s,  is  set  and  the  sample  is  moved  into  position.  The  igniters  are  manually  activated  at  the 
beginning  of  the  low  gravity  period  and  shut  down  when  gravity  levels  are  increased  to  ensure  no 
ignition  during  the  elevated  gravity  levels.  The  fuel  samples  are  extinguished  by  reducing  the 
chamber  pressure  to  the  overboard  conditions.  After  both  of  the  fuel  samples  have  been  burned, 
the  chamber  is  flushed  with  the  bottled  oxidizer,  vented,  and  the  next  sample  card  (10  total)  is  in- 
stalled and  positioned.  Video  recordings  of  the  events  are  compared  to  the  thermocouple  histories 
to  determine  the  ignition  delay. 

The  available  reduced  low  gravity  i " 

period  (~25  seconds)  is  shorter  than  300  1 . 

the  ignition  delay  in  some  cases.  This 
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do  however,  allow  for  extrapolation  Figure  2.  Ignition  delay  times  versus  flow  velocity.  The  error 
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bility  diagrams  for  low  velocity  flows  that  are  not  masked  by  buoyant  flows.  These  data  are  how- 
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Figure  2,  Ignition  delay  times  versus  flow  velocity.  The  error 
bars  indicate  the  influence  of  buoyancy  as  the  fuel  heats  up. 
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ever  subject  to  g-jitter  and  the  resulting  buoyant  flows  of  the  aircraft.  Extended  microgravity  pe- 
riods will  allow  for  testing  near  the  critical  heat  flux  at  oxidizer  flow  velocities  below  those  attain- 
able in  normal  gravity. 

Preliminary  microgravity  ignition  delay  data  are  presented  in  Fig.  2.  It  is  seen  that  at  flow  ve- 
locities below  those  induced  by  buoyancy  (less  than  0.5  m/s),  ignition  delay  times  reach  values 
that  are  significantly  below  the  minimums  measured  in  normal-gravity  buoyant  flows.  The  reduc- 
tion of  ignition  delay  times  under  forced  oxidizer  velocities  less  than  those  induced  by  buoyant 
flow  seems  to  indicate  that  the  ignition  process  in  these  conditions  is  more  strongly  affected  by 
surface  heat  losses  than  by  the  oxygen  supply  reduction  associated  with  reduced  convective  trans- 
port rates.  It  is  therefore  necessary  to  examine  how  the  interaction  of  these  competing  mecha- 
nisms affects  the  flammability  properties  of  solid  fuels. 

CONCLUDING  REMARKS 

The  normal  gravity  data  indicate  that  the  flammability  properties  of  solid  fuels  are  significantly 
affected  by  flow  conditions.  The  ignition  delay,  critical  heat  flux,  and  the  ignition  temperature  of 
the  fuel  decrease  as  the  forced  flow  velocity  decreases,  until  they  reach  minimum  values  deter- 
mined by  natural  convection  flows.  The  microgravity  data  obtained  to  date  indicates  that  due  to 
the  absence  of  buoyancy  this  trend  is  continued  in  microgravity,  and  that  consequently  low  veloc- 
ity, microgravity  conditions,  are  more  hazardous  from  the  point  of  view  of  ignition  than  natural 
convection  conditions.  Furthermore,  they  also  indicate  that  results  obtained  from  normal-gravity 
based  flammability  testing  protocols  cannot  be  directly  extrapolated  to  microgravity  conditions, 
and  must  be  complemented  by  adequate  microgravity  tests  and  models  in  order  to  predict  the  ac- 
tual flammability  performance  of  materials  in  microgravity  facilities. 

Future  work  will  examine  the  flammability  behavior  of  composite  materials.  A laboratory  poly- 
propylene/glass fiber  composite  and  commercial  G10  epoxy/glass  laminate  are  being  tested  in  the 
normal  gravity  FIST  apparatus  and  will  be  tested  in  a manner  similar  to  the  PMMA  aboard  the 
KC-135  low  gravity  aircraft. 
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INTRODUCTION 

Fires  still  remain  as  one  of  the  most  important  safety  risk  in  manned  spacecraft.  This  problem 
will  become  even  more  important  in  long  endurance  non  orbital  flights  in  which  maintenance 
will  be  non  existing  or  very  difficult. 

The  basic  process  of  a fire  is  the  combustion  of  a solid  at  microgravity  conditions  in  O2/N2 
mixtures.  Although  a large  number  of  research  programs  have  been  carried  out  on  this  problem, 
especially  on  flame  spreading,  several  aspects  of  these  processes  are  not  yet  well  understood.  It 
may  be  mentioned,  for  example,  the  temperature  and  characteristic  of  low  emissivity  flames  in 
the  visual  range  that  take  place  in  some  conditions  at  microgravity;  and  there  exists  a lack  of 
knowledge  on  the  influence  of  key  parameters,  such  as  convective  flow  velocities  of  the  order  of 
magnitude  of  typical  oxygen  diffusion  velocities. 

The  “Departamento  de  Motopropulsion  y Termofluidodinamica”  of  the  “Universidad 
Politecnica  de  Madrid,  Escuela  Tecnica  Superior  de  Ingenieros  Aeronauticos”  is  conducting  a 
research  program  on  the  combustion  of  solids  at  reduced  gravity  conditions  within  O2/N2 
mixtures.  The  material  utilized  has  been  polymethylmethacrylate  (PMMA)  in  the  form  of 
rectangular  slabs  and  hollow  cylinders.  The  main  parameters  of  the  process  have  been  small 
convective  flow  velocities  (including  velocity  angle  with  the  direction  of  the  spreading  flame) 
and  oxygen  concentration.  Some  results  have  also  been  obtained  on  the  influence  of  material 
thickness  and  gas  pressure. 

The  experimental  program  has  been  continuously  supported  by  ESA,  including  three  parabolic 
flight  campaigns  in  the  NASA  KC-135  and  one  in  the  ESA  Caravelle;  a MiniTexus  sounding 
rocket  launched  in  1995  and  a Texus  launching  that  would  be  carried  out  in  November/December 


of  this  year. 
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Fig.  I .-MiniTexus  tests.  PMMA  hollow  cylinder  (<|>  = 6 mm).  Wall  thick  = 2 mm.  Y02  = 40%.  Pressure  = 100  kPa. 


A considerable  amount  of  information  of  flame  spreading  and  flammability  limits  have 
already  been  obtained,  as  shown  in  the  references.  Some  significant  findings  are  also  shown  in 
Figs.  1 to  5.  In  Fig.  1 the  ignition  and  combustion  processes  of  a PMMA  cylinder  in  an  O2/N2 
mixtures  (40%  02)  are  shown,  obtained  in  the  MiniTexus  experiments.  The  premixed  and 
diffusion  flames  are  followed  by  a long  period  (30  s)  in  which  the  flame  becomes  non  visible. 
Throughout  this  period  the  atmosphere  is  at  rest.  Then  a forced  air  flow  is  started  becoming 
visible  the  flame  at  very  small  velocities  and  within  a very  short  time. 
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In  Fig.  2 simultaneous  video  and  infrared  photographs  of  the  combustion  of  a similar  PMMA 
cylinder  are  shown,  in  a still  O2/N2  mixtures  (23%  O2).  They  where  obtained  in  a parabolic  flight 

(NASA  KC-135).  It  may  be  pointed 
out  that  at  40%  O2  in  the  parabolic 
flight  the  flame  was  of  a normal 
visible  type,  showing  the  influence 
of  the  different  gravity  level,  when 
comparing  these  results  with  those 
obtained  in  the  MiniTexus. 

In  Figs.  3 and  4 some  results  of 
the  influence  of  forced  convection 
velocities  and  oxygen  mass  fraction 
on  flame  spreading  velocity  are 
shown.  Finally,  in  Fig.  5 it  may  be 
seen  the  influence  of  the  gravity 
level  on  the  values  of  the  spreading 
velocity. 

Due  to  the  very  large  number  of  inter-related  parameters  of  the  process:  type  of  material, 
configuration,  thickness,  O2  concentration,  pressure,  and  convective  flow  velocity;  the  test  matrix 
is  very  large  and  it  would  require  a very  long  time  and  it  would  be  very  costly  to  accomplish  the 
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Fig.  2. -Parabolic  flight.  Simultaneous  video  and  infrared  photographs. 
6 = 6 mm.  Wall  thick.  = 2 mm.  Pressure  100  kPa.  Y02  = 23%. 
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Fig.  3. -Flame  spreading  vs.  forced  flow  velocity. 
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MiniTexus  results.  <|>  = 6 mm.  Wall  thick.  = 2 mm.  Oxygen  mass  fraction 

P = 100  kPa.  YO,  = 40%.  Flow  incidence  angle  45°  F'g-  4 ‘ Influence  of  02  mass  fraction  on  spreading 

....  ..  ■ / , velocity.  Parabolic  flight.  <b  = 4 mm.  Wall  thick.  = 2 mm. 

program  utilizing  sounding  rockets  (parabolic  Pressure  100  kPa. 

flights  provide  an  insufficient  gravity  level  and 
in  drop  towers  the  testing  time  is  too  short). 

Accordingly,  a Proposal  was  submitted  to  NASA  in  June  1998,  as  a response  to  NRA-97- 
HEDS-01,  requesting  a research  program  on  combustion  of  solids  in  O2/N2  mixtures  to  be  carried 
out  in  the  ISS  US  combustion  module.  This  proposal  has  been  approved  by  NASA. 
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RESEARCH  PROGAM 

The  research  program  to  be  earned  out  in  the  ISS  module  would  consist,  in  the  first  place,  of 
the  completion  of  the  tests  with  PMMA  material.  In  a second  phase,  materials  utilized  in  manned 

space  stations  will  be  tested. 

Specifically,  the  research  program  will  be  as  follows: 

a)  Completion  of  tests  with  PMMA 


l.E-5  l.E-4  l.E-3  l.E-2  l.E-1  1.E+0 


Gravity  level  (g) 

Fig.  5.-  Influence  of  gravity  level  on  flame  spreading 
velocity.  <J>  = 4 mm.  Wall  thick.  = 2 mm.  YCL  — 40%. 
Pressure  1 00  kPa. 

pressure.  Materials  tested  will  be:  foams  and, 


samples  (hollow  cylinder  mostly). 
Flammability  limits  and  flame  spreading 
velocities  as  function  of  flow  velocity,  O2 
concentration,  thickness  and,  possibly, 
pressure.  Determination  of  flame  temperature 
and  characteristics  in  the  non-visible  optical 
range.  Ignition  tests  at  low  flow  velocities. 

b)  Tests  with  materials  utilized  in 
spacecraft. 

Flammability  limit  tests  and  flame 
spreading  velocities  as  function  of  thickness 
oxygen  concentration  and  flow  velocities. 
Ignition  tests  at  low  flow  velocities,  and 
possibly  flame  extinction  limits  as  function  of 
in  principle,  one  composite  and  one  insulation 


blanket. 

It  may  be  pointed  out  that,  actually,  flammability  limits  will  be  approximately  determined  by 
obtaining  extinction  limits  following  the  procedure  described  in  the  next  paragraph. 

The  number  of  tests  will  be  limited  by  the  amount  of  gases  available  in  the  ISS  module  and  by 


crew  time.  A final  selection  will  have  to  be  made. 

An  auxiliary  test  program  will  be  carried  out  on  the  ground,  parabolic  flights  and  drop  towers. 
These  tests  will  be  utilized  for  initial  selection  of  materials  and  predetermination  of  the  values  of 
parameters,  especially  material  thickness.  Rough  estimation  of  the  values  of  ignition  of 
flammability  limits  will  also  be  determined.  Finally,  some  fundamental  combustion  data  of 
materials  will  be  obtained  by  burning  small  spherical  samples  in  drop  towers. 


COMBUSTION  AND  FLOW  SYSTEM 

The  combustion  chamber  and  flow  system  will  be  based,  in  principle,  on  the  one  being 
designed  for  the  Texus  38  rocket.  With  this  system  it  would  be  possible  to  change  continuously, 
and  in  a controlled  manner,  the  oxygen  concentration  from  a maximum  of  40%  down  to  a value 
at  which  the  flame  extinguishes.  Flow  velocity  would  kept  constant  at  a predetermined  value  at 
each  tests. 

This  system  has  to  be  integrated  in  the  gas  supply  system  of  the  ISS  module.  This  might 
possibly  require  important  design  changes  in  the  Texus  flow  system.  In  addition,  it  is  intended  to 
perform  tests  with  very  small  flow  velocities,  below  15  mm/s.  This  might  require  additional 
changes  in  the  flow  system  which  are  already  being  evaluated. 

The  combustion  chamber  will  be  large  enough  to  accommodate  several  cylinder  or  slabs  to  be 

investigated  in  each  test  run. 

This  combustion  and  flow  system  will  be  offered  for  utilization  by  the  US  and  European 
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scientific  community. 
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^a^eeCo7bZancy-induced 

experiments  on  candle  flames  [1,2],  flame  spre  flame  sfiape  Longer  residence  times 

others.  These  differences  are  more  basic  than  jus  m flame  zone  create  a thermochemical 

and  higher  concentration  of  combustion  ^ mass  transfer  processes.  Processes 

environment  that  changes  the  flame  chemistry  important  and  sometimes  even 

such  as  flame  radiation,  that  are  °ne^^t[ons7ons\dtrab\y  enhance  flame  radiation  by:  (i)  the 
controlling.  Furthermore,  microgravity  mnprature  reaction  zone  which  increases  the  gas 

build-up  of  combustion  products  in  t e g e P Droprjate  for  substantial  amounts  of  soot 

radiation,  and  (ii)  longer  residence  times  m e con  _t  .g  ^^jpated  that  radiative  heat 

to  form  which  is  also  responsibe  or  r^^ive  ^ ^ ^ flame  area)  fig  diffusion  flame. 

loss  may  eventually  extinguish  the  ‘weak  ( g infinite  ambient  atmosphere,  the 

Yet,  space  shuttle  experiments  on  candle  Aames  show  that  ^ ^ ^ 

hemispherical  candle  flame  in  fig  will  bum  indefimt  mechanism  for  candle  flames, 

between  the  fuel  production  rate  and  the  phenomena  leading 

flames  over  solids  and  fuel  droplet  flames.  , diffusion  flames  are  examined.  This 

to  radiative  extinction,  aerodynamica  y s a i iz  g conditions  under  which  radiative 

enables  independent  control  of  the  fuel  flow  ra  e P experiments  and  modeling  because: 

extinction  occurs.  Also,  spherical  geomety  is  chosen  for  ^^ex^jiente  J 

(i)  I.  reduces  the  complexity  by  making  fite  problem . ™^tio„  zone.  This 
flame  completely  encloses  the  soot  which  is  form  gaseous  combustion  products 

increases  the  importance  of  flame  radiatio^eca^^|^^  ^^^  ^ ^ M Ejection 

eo-exist  inside  the  high  temperature  spherical  d1*^1®*1  dh^sionflame  in  fig  around  the  solid 
velocities,  as  is  usually  the  ease  for  .0  fires  in 

to  radiation-induced  extinction  is  important  for  spacecraft 

fire  safety. 

EXPERIMENTS  , . . o 2 sec  drop  tower  at  the  NASA  Lewis  Research  Center. 

The  experiments  were  conducted  m the  2.2  sec  P consists  of  a cylindrical  test 

The  drop-rig  used  is  described  in  deta.1  elsewhere  [9],  B"e^*  ‘‘ ^To.lrc  igniter  and  the 
chamber  (0.38m  dia.;  0.43m  deep)  that  housf? ‘“'!A^on  ltd  temperature  measurements.  The 
photodiodes  and  thermocouples  used  for  ra  ® . opacity  porous  ceramic  material 

spherical  humeri  l*nm  dia;)  was  — mdjrorn  « po  ^ ^ ^ ^ 

(93%  porosity).  Two  gas  cylinders  (1  . pue|  flow  rates  to  the  burner  were 
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cond^ted^mSX^)TwLP^  “h  °XT  COnCentration  conditions,  were 
ranging  from  3 to  45  “ylene  ^ “nty)  ^Is  for  flow  rates 

was  no.  achieved  ***  "d“" 

coHected  by  an  onboard  computer  during  these  experiments-  "l"8mcasujcments  were  made  and 
from  photographs  taken  bv  a color  cm  ^ ^ame  radius  - this  was  measured 

photodiodeswith  difTwentspectral  clmracteristics  vailglm  vil^on^  ^ 4,66 

- this  was  measured  bv  five  S tvrv-  tEwr™™  1 j l , vlslDle  to  JK-  (m)  Flame  temperature 

by  a K'fype  thermocouple  ^llfcT^yT^Tunettu  w^l7ul.teniPeratUre  W3S  measured 

RESULTS 

eo^rSr^I  tZIl^  ? "" 

luminous  and  the  soot  luminosity  disarm/  % ^e  gTOWS  ln  Slze  md  bocomes  orange  and  less 
flames  e«ntuZS«Z^S^’  T ***  fl°W  rate  <=24  “M*  methane 

blue  toward  the  end  of  the  up  time  fi  e -2  'n  approximate  y one  second,  ethylene  flames  became 

measurements  of  Ref.[6]  clearly  show  that  the  amount  of  soot  inerts  wkh.iZ  “‘T"’8 
maximum  and  then  decreases.  The  calculations  of  n.froi  i u '““eases  with  tune,  reaches  a 

fust  quickly  increases  and  later  decreases  Essentially  It,  S°  show 'hal  the  soot  volume  fraction 
of  soot  is  formed  in  the  vicinity  of  the  flame  front  resufrin  0nSet  condi,ions-  '"itially  a lot 

flame  grows,  several  events  rlcele to  hS?m  iT  n ^ ^ As  "* 

products  left  behind  by  the  flame  from  inhih't  .t,  concentratlon  of  combustion 

oxidation,  (ii)  The  plL  maZn  rl  't  f0rma,,on  of  new  so°*  “d  Promotes  soot 

soot  is  pushed  towmd  teller  recioT  tZ&T'*  T*  aWay  from  46  8001  re8>on  and  *= 

between  the  soot  hym  L7the  ^ effec,s  tocrease  4“  d‘^ce 

dilution  and  radiative  h“,  los seTalJ *"  the,!°mation  “fa  «*  **.  (iii)  The 
products  reduces  the  flame  temperature  whi^h  A 386  'V^  c0“cenfrat>°n  of  the  combustion 
Figure  2 shows  Aele^S  Tl  ^ ^ ^ t0rmation  ^ 46  luminosity, 
acetylene  flames  plotted  against  the  uptime  ^ radiation  from  methane  and 

.hale  growth  7=71^  flame  “*?  m~ 

mndency  of  acetylene  which^llesC  fltltion  m^stl'T  by  ^ «*•  »** 

radiation  measurements.  ^>erS  or  a on^er  ^une> ls  clearly  seen  in  the 
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INTRODUCTION 

The  work  has  been  done  according  to  the  US/Russian  Joint  Project  "Experimental  Evaluation 
of  the  Material  Flammability  in  Microgravity"  a continued  combustion  study  in  the  SKOROST 
test  apparatus  on  the  OS  Mir.  [1].  The  objective  of  the  project  was  to  evaluate  the  flammability 
and  flame-spread  rate  for  the  selected  polymer  materials  in  low  velocity  flow  in  microgravity. 

Lately  the  issue  of  nonmetal  material  combustion  in  microgravity  has  become  of  great  impor- 
tance [2],  based  on  the  necessity  to  develop  the  fire  safety  system  for  the  new  International 
Space  Station  (ISS).  Lack  of  buoyant  flow  in  microgravity  reduces  oxygen  transfer  into  the 
combustion  zone,  which  leads  to  flame  extinction  when  the  flow  velocity  is  less  than  the  limiting 
flow  velocity  Vlim  for  the  material.  The  ISS  FGB  fire-safety  system  was  developed  based  on  this 
phenomenon  [1].  The  existence  of  minimum  flow  velocity  V|imto  sustain  fire  for  the  selected 
materials  was  determined  both  theoretically  [3]  and  experimentally  [4],  In  the  latter,  it  is  shown 
that,  even  for  thermally  thin  nonmetal  materials  with  a very  low  oxygen  index  C|imof  12.5% 
(paper  sheets  with  the  thickness  of  0.1  mm),  a limiting  flow  velocity  Vtim  exists  at  oxygen 
concentration  Cox  = 17-21%,  and  is  about  1.0  - 0.1  cm/sec.  This  might  be  explained  by  the 
relative  increase  in  thermal  losses  due  to  radiation  from  the  surface  and  from  the  gaseous  phase 

[3]- 

In  the  second  series  of  experiments  in  Skorost  apparatus  on  Orbital  Station  Mir  the  existence 
of  the  limiting  flow  velocity  Viim  for  combustion  was  confirmed  for  PMMA  and  glass-epoxy 
composite  strip  samples  2 mm  thick  at  oxygen  concentration  Cox  = 21.5%.  It  was  concluded  that 
Viim  depends  on  Cox:  for  the  PMMA  sample  with  a low  oxygen  index  of  15.5%,  the  limiting  flow 
velocity  VMm  was  less  than  0.5  cm/sec,  and  for  the  glass-epoxy  composite  sample  with  a high 
oxygen  index  of  19%,  the  limiting  flow  velocity  Vlim  was  higher  than  15  cm/sec. 

As  of  now  only  those  materials  that  maintain  their  integrity  during  combustion  were  investi- 
gated. The  materials  that  disintegrate  when  burning  present  more  danger  for  fire  safety  because 
the  flame  can  spread  farther  with  the  parts  of  the  structure,  ejected  melt  drops,  et  cetera.  Mater- 
ials such  as  polyethylene  are  of  great  interest  since  they  form  a lengthy  melt  zone  during  the 
combustion  in  normal  gravity.  This  melt  zone  generates  drops  of  liquids  that  promote  faster 
flame  spread  compared  to  usual  combustion. 

The  preliminary  results  of  polyethylene  insulation  flammability  evaluation  in  microgravity  are 
shown  in  the  NASA  Wire  Insulation  Flammability  (WIF)  experiment  during  Space  Shuttle  flight 
STS-50.  [5].  A lot  of  interesting  data  was  collected  during  the  WIF  test  program.  However,  one 
of  the  most  important  results  was  that,  in  microgravity,  the  extinction  of  the  polyethylene 
occurred  almost  immediately  when  the  flow  of  relatively  low  oxygen  concentration  (Cox=21%) 
was  stopped. 

The  purpose  of  the  work  reported  here  is  to  expand  the  existing  data  base  on  material  flamma- 
bility in  microgravity  and  to  conduct  the  third  series  of  the  space  experiment  using  Skorost 
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apparatus  on  Orbital  Station  Mir  with  melting  polymers,  which  might  increase  the  probability  of 
fire  and  its  propagation  in  ventilated  microgravity  environment  of  orbiting  spacecraft. 

TEST  PROCEDURE 

The  Skorost  test  apparatus  is  a miniature  wind  tunnel.  The  fan  generates  a uniform  airflow 
with  the  prescribed  velocity  V inside  the  Skorost  combustion  chamber  (a  tunnel  of  rectangular 
cross-section  of  150x80  mm  and  length  of  320  mm).  The  main  parameter  of  apparatus  perform- 
ance V (velocity  of  the  flow  inside)  can  vary  from  0 to  20  cm/sec.  The  flow  velocity  is  controlled 
either  by  fan  motor  speed  or  by  a damper  setting  according  to  the  ground  calibration  of  the  flow 
in  the  combustion  chamber.  The  air  is  drawn  through  the  combustion  chamber  from  the  space 
station  compartment;  therefore,  the  oxygen  concentration  can  not  be  controlled  and  is  equal  to  the 
Cox  in  the  module  Kvant  at  the  time  of  the  experiment.  The  Space  Station  on-board  records 
indicated  that  oxygen  concentration  on  Mir  was  elevated  at  the  time  of  the  experiment  (October 
15,  19,  and  22  of  1998;  Cox=22.5%,  23.6%,  and  25.4%;  pressure  was  95%  atmospheric). 

The  samples  of  the  test  material  were  installed  as  cantilevers  on  two  carousels  inside  the  com- 
bustion chamber.  Each  carousel  can  accommodate  six  cylindrical  samples  4-5  mm  in  diameter  and 
60  mm  in  length.  Because  of  safety  concerns,  the  crew  was  not  allowed  to  open  the  combustion 
chamber,  and  samples  were  placed  in  the  test  position  along  the  longitudinal  axis  of  the  chamber 
by  the  rotation  of  the  carousel  from  the  outside.  The  free  end  of  the  sample  was  ignited  inside 
the  chamber  by  a spiral  electrical  heater,  and  combustion  occurred  in  the  concurrent  airflow.  The 
test  was  observed  through  two  windows  with  the  size  of  100x60  mm  on  side  and  top  surfaces  of 
the  combustion  chamber.  Hi-8  and  Betacam  cameras  videotaped  the  test. 

Based  on  the  results  of  the  ground  testing,  three  materials  were  selected  for  the  flight  experi- 
ment out  of  seven  provided  by  the  NASA  Lewis  Research  Center:  Delrin,  PMMA,  and  high-den- 
sity  polyethylene  (four  cylindrical  samples  of  each  material — diameter  of  4.5  mm  and  length  of 
60  mm).  The  main  objective  of  the  space  experiment  was  to  evaluate  the  effect  of  the  flow  of 
low  velocity  on  the  polymer  material  combustion  in  a microgravity  environment  of  long  duration 
and  to  determine  1)  the  minimum  extinction  flow  rate  for  the  material,  i.e.  the  limiting  velocity 
Vlim  and  2)  the  flame-spread  rate  Vp  versus  the  velocity  of  the  concurrent  flow  V. 

The  test  procedure  specified  a matrix  of  concurrent  airflow  velocity  V from  8.5  cm/sec  to 
0.3  cm/sec.  Twelve  samples  were  tested  during  the  experiment:  four  each  of  Delrin,  PMMA,  and 
high-density  polyethylene.  For  each  sample,  the  flow  velocity  was  changed  at  prescribed 
position  of  the  front  of  the  flame  along  the  length  of  the  sample  at  1/2,  1/3,  or  1/6  of  the  initial 
sample  length  (60  mm).  To  guide  the  crew  in  fan  mode  switching  each  sample  was  marked  at  the 
appropriate  length  interval.  When  the  flame  front  got  to  the  last  mark  on  each  sample,  the  fan 
was  shut  off,  and  the  time  (Xj)  of  flame  extinction  was  recorded. 

TEST  RESULTS  AND  DISCUSSION 

In  the  tests,  it  was  observed  that,  when  V is  decreased,  the  size  of  the  flame  decreases  as  well; 
the  flame  becomes  less  bright,  and  the  flame  color  changes  from  white,  red-orange  (PMMA, 
polyethylene)  or  white-blue  (Delrin)  to  the  dark-blue  color.  The  flame  becomes  transparent  and 
almost  invisible,  which  means  that  the  temperature  of  the  flame  decreases  [2].  All  selected  mater- 
ials demonstrated  the  formation  of  droplets  of  the  melting  products.  The  melt  ball  grew  with 
time  up  to  a final  size  of  2-2.5  initial  diameters  of  the  sample  (4.5  mm). 
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The  video  of  all  12  samples  combustion  was  analyzed  by  computer,  and  data  were  collected. 
These  data  are  time  histories  for  various  parameters  to  characterize  the  flame  size  and  the  mater- 
ial melting,  the  gap  between  the  flame  and  the  sample  surface  if  any,  et  cetera.  The  flame-spread 
rate  VF  and  the  rate  of  the  material  destruction  were  determined  based  on  these  data.  Fig.  1 
shows  the  function  of  VF  versus  V.  When  the  velocity  of  concurrent  flow  V decreases,  the  flame- 
spread  rate  decreases  as  well:  from  0.5  - 0.75  mm/sec  at  V = 8.5  cm/sec  to  0.05  - 0.1  mm/sec  at  V 
= 0.3  - 0.5  cm/sec.  In  [5]  it  is  shown  that  the  flame-spread  rate  along  the  surface  of  polyethylene 
insulation  (0.375  mm  thick)  was  significantly  higher:  VF  = 1.6  mm/sec  at  V = 10  cm/sec.  This 
might  be  explained  by  the  difference  in  the  thickness  and  the  initial  temperature  of  the  sample:  d 
= 4.5  mm,  t0  = 20°C  for  the  Skorost  experiment,  and  5 = 0.375  mm,  t0=  70-80°C  for  the  Space 
Shuttle  experiment  [5]. 

The  important  characteristic  of  material  flammability — limiting  velocity  VUm  can  be  deter- 
mined from  the  test  modes  and  conditions  for  fire  extinction  process.  Values  for  limiting  velo- 
cities obtained  in  microgravity  appeared  to  be  lower  than  values  [1]  obtained  on  the  ground  but  at 
suppressed  convection.  For  example,  for  Delrin  in  microgravity,  V,im  was  less  than  0.3  cm/sec;  in 
a narrow-channel  apparatus  with  the  suppressed  convection  on  the  ground,  V,im  = 0.55  cm/sec  at 
Cox  = 21%  and  Vlim  = 0.45  cm/sec  at  Cox  = 23%.  For  PMMA  in  microgravity,  Vlim  at  Cox  = 
23.6%  and  25.4%  was  close  to  0.5  cm/sec;  in  the  narrow-channel  apparatus,  VMm  = 3.4  cm/sec  at 
Cox  = 21%  and  Vllm  = 2.4  cm/sec  at  Cox;  = 23%.  Again,  when  the  flow  was  stopped  in  Skorost 
combustion  chamber,  the  extinction  of  the  PMMA  samples  happened  very  quickly.  Tj  - 5 - 1 5 
sec,  while  in  normal  gravity  the  extinction  time  was  longer  (li  = 30  sec).  For  polyethylene,  in 
microgravity  at  Cox  - 25.4%,  V,imwas  close  to  0.3  - 0.5  cm/sec;  in  the  ground  test,  Vlim  = 
8.5  cm/sec  at  Cox  - 21%  and  Vllm  = 3.5  cm/sec  at  Cox  - 23%.  Polyethylene  samples  were  still 
burning  at  V = 1 cm/sec  when  oxygen  concentration  was  23.5%,  therefore  V|im  < 1 cm/sec. 

The  space  experiment  indicated  that  the  fire  extinguishes  faster  in  microgravity  (Xi  <13  sec)  at 
flow  shutoff  than  in  normal  gravity  (li  = 55  sec).  All  data  obtained  on  V,imand  Ti  indicate  that,  m 
microgravity  when  oxygen  concentration  is  relatively  low  (Cox  = 21%),  the  molecular  diffusion  is 
not  sufficient  to  sustain  fire  and  the  additional  oxygen  transport  by  forced  convection  into  com- 
bustion zone  is  required.  Therefore,  a fire  in  the  Space  Station  compartment  might  be  exting- 
uished by  flow  shutoff  in  microgravity. 

The  non-steady  phenomena  observed  during  the  space  experiment  in  the  Skorost  apparatus 
were  due  to  constantly  growing  melt  ball  formation  on  the  sample  (almost  of  spherical  shape  for 
PMMA  and  Delrin  or  of  ellipsoidal  shape  for  polyethylene),  and  intensive  (for  Delrin  and 
PMMA  especially)  boiling  all  over  the  volume  of  melting  material.  The  results  of  measurements 
indicated  that  for  majority  of  cases,  the  size  of  the  melt  drop  will  not  reach  the  required  size  for 
the  steady  state,  even  for  the  time  increment  of  100  - 150  sec. 

Delrin  combustion  in  microgravity  occurred  with  intensive  boiling  inside  the  foamy  drop  of 
melting  material.  The  size  of  the  gaseous  bubbles  sometimes  was  comparable  to  the  size  of  the 
molten  drop.  Collapsing  of  the  bubble  happened  with  the  ejection  of  the  products  of  thermal 
destruction  up  to  4 - 5 cm  in  length.  Those  jets  were  burning  and  looked  like  the  bright  zones  - 
flame  tongues — ejected  in  the  direction  opposite  to  the  flow.  PMMA  combustion  occurred  with 
the  ejection  of  the  gaseous  products  of  thermal  destruction  as  well.  Jets  of  gaseous  products  of 
combustion  were  burning,  and  flame  tongues  of  different  length  and  brightness  were  formed. 
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Polyethylene  combustion  was  the  most  stable  one.  Though  bubble  formation  was  noticeable  in 
the  semitransparent  molten  drop,  combustion  was  steady,  without  significant  spurts.  However, 
when  the  flow  velocity  was  close  to  limiting,  the  combustion  became  unstable:  the  flame  front 
started  to  fluctuate  with  the  frequency  of  1.3  - 1.4  Hz  (sample  # 9,  when  V decreased  from 
8.5  cm/sec.  to  0 cm/sec),  and  with  the  frequency  of  2.3  Hz  (sample  #11,  when  flow  velocity  was 

0. 5. cm/sec  and  0.3  cm/sec).  When  longitudinal  flame  fluctuations  were  observed,  the  measured 
velocity  of  flame  wave  movement  in  downstream  direction  was  about  60  mm/sec,  i.e.  100  higher 
than  the  flame-spread  rate  (Vp  = 0.5  mm/sec)  during  stable  combustion  at  the  maximum  velocity 
of  the  concurrent  flow  (V  = 8.5  cm/sec).  Oscillations  of  this  type  were  observed  before  at  the 
candle  flame  extinguishment  in  the  Glovebox  experiments  on  Orbital  Station  Mir  and  Space 
Shuttle. 
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INTRODUCTION 

Several  topics  relating  to  combustion  limits  in  premixed  flames  at  reduced  gravity  have  been 
studied.  These  topics  include:  (1)  flame  balls;  (2)  numerical  simulation  of  flame  ball  and  planar 
flame  structure  and  stability;  (3)  experimental  simulation  of  buoyancy  effects  in  premixed  flames 
using  aqueous  autocatalytic  reactions;  and  (4)  premixed  flame  propagation  in  Hele-Shaw  cells. 

STRUCTURE  OF  FLAME  BALLS  AT  LOW  LEWIS-NUMBER  (SOFBALL) 

Successful  flame  ball  experiments  were  conducted  on  the  STS-83  and  STS-94  Space  Shuttle 
missions  in  1997.  Among  the  unexpected  results  were  (1)  flame  balls  survived  much  longer  than 
expected  based  on  pre-flight  estimates  - in  most  cases  the  entire  500  second  test  duration;  (2)  when 
multiple  flame  balls  were  present,  they  drifted  apart  from  each  other  (although  their  “center  of 
mass”  was  nearly  motionless  in  many  cases);  (3)  flame  balls  were  very  sensitive  to  small 
accelerations  (typically  lOOpgfor  1 second)  resulting  from  Orbiter  vernier  reaction  control  system 
(VRCS)  thruster  firings;  and  (4)  remarkably,  all  flame  balls  in  all  mixtures  tested  produced 
between  1 and  2 Watts  per  ball  of  radiant  power  per  ball. 

The  drift  of  adjacent  flame  balls  was  attributed  to  the  enthalpy  gradient  each  ball  imposes  on  its 
neighbors.  A model  was  developed  by  the  PI  in  conjunction  with  J.  D.  Buckmaster.  The  slope  of 
separation  vs.  time  plots  ( e.g . Fig.  1),  are  close  to  the  theoretically  prediction  of  1/3,  and  the 
quantitative  agreement  is  reasonable  considering  the  simplicity  of  the  model.  The  mean  and 
standard  deviation  of  the  slope  for  all  relevant  tests  is  0.334  with  a standard  deviation  of  0.060. 

The  flame  balls  were  found  to  respond  ballistically  to  VRCS  impulses  (Fig.  2).  The  impulse 
(change  in  velocity)  imparted  to  the  ball  is  about  the  same  as  the  acceleration  impulse  (integral  of 
acceleration  over  time).  The  ball  velocity  change  is  somewhat  greater  (by  a factor  of  about  2)  than 
the  acceleration  impulse.  The  maximum  possible  factor  for  a spherical  bubble  of  fluid  having  very 
low  density  compared  to  the  surrounding  fluid  is  2 because  of  the  “added  mass”  effect.  This 
change  in  velocity  then  decays  on  a time  scale  of  tens  of  seconds,  which  is  comparable  to  the 
viscous  time  scale  associated  with  the  flame  ball  and  its  surrounding  hot  gas  field. 


io  ioo  Time  from  ignition  (s) 

Time  (seconds) 


Figure  1.  Examples  of  flame  ball  interactions  resulting  Figure  2.  Effect  of  impulsive  orbiter  accelerations  on 
in  mutual  repulsion.  flame  ball  drift  velocity. 

NUMERICAL  SIMULATION  OF  FLAME  BALL  AND  PLANAR  FLAMES 

In  order  to  predict  the  properties  of  flame  balls,  a one  dimensional,  time-dependent  flame 
code  with  detailed  chemical  and  transport  sub-models  was  employed  to  solve  the  usual 
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nonsteady  equations  for  energy  and  species  conservation  in  spherical  geometry  at  constant 
pressure.  It  was  found  that  the  predicted  flame  ball  radii  using  different  chemical  models  vary 
widely,  even  though  all  of  these  models  predict  the  burning  velocities  of  steady  plane  flames 
quite  accurately.  Also,  reabsorption  of  emitted  radiation  was  found  to  be  a dominant  effect  in 
mixtures  diluted  with  C02  or  SF6,  in  that  calculations  assuming  infinite  absorption  coefficient  for 
the  diluent  showed  much  better  agreement  with  experiment  that  calculations  assuming  optically- 
thin  diluent  radiation  (Fig.  3). 

A numerical  study  of  premixed-gas  flames  in  mixtures  of  CH4,  02,  N2  and  C02  using  detailed 
chemical  and  radiative  emission-absorption  models  was  conducted  in  conjunction  with  Prof. 
Yiguang  Ju  of  Tohoku  University  in  Sendai,  Japan.  It  was  found  that  reabsorption  of  emitted 
radiation  led  to  substantially  higher  burning  velocities  and  wider  extinction  limits  than 
calculations  using  optically-thin  radiation  models,  particularly  when  C02,  a strong  absorber,  is 
present  in  the  unbumed  gas  (Fig.  4).  Two  heat  loss  mechanisms  that  lead  to  flammability  limits 
even  with  reabsorption  were  identified:  (1)  differences  in  the  absorption  spectra  of  the  reactant 
and  product  molecules  and  (2)  the  broadening  of  emission  spectra  at  flame  temperatures 
compared  to  ambient  temperature.  Via  both  mechanisms  some  net  upstream  heat  loss  due  to 
radiation  will  always  occur,  leading  to  extinction  of  sufficiently  weak  mixtures.  It  is  concluded 
that  fundamental  flammability  limits  can  exist  due  to  radiative  heat  loss,  but  these  limits  are 
strongly  dependent  on  the  emission-absorption  spectra  of  the  reactant  and  product  gases  and 
their  temperature  dependence,  and  cannot  be  predicted  using  gray-gas  or  optically-thin  models. 


Figure  3.  Predicted  flame  ball  radii  in  H2-02-C02  Figure  4.  Predicted  values  of  burning  velocity  and  peak 
mixtures  (HziOz  = 1:2)  including  and  excluding  CO2  flame  temperature  in  CH4  - (0.21  02  + 0.49  N2+  0.30 
radiation,  along  with  measured  flame  ball  radii  from  C02)  mixtures  under  adiabatic  conditions,  with 
aircraft  jug  experiments,  JAMIC  drop-tower  0ptically-thin  radiative  losses,  and  including 
experiments,  and  the  STS-83/94  space  experiments.  reabsorption  effects. 

“LIQUID  FLAMES” 

With  NASA  Code  UG  support,  the  PI  has  introduced  the  use  of  aqueous  autocatalytic 
chemical  reaction  fronts  for  the  experimental  simulation  of  combustion  processes.  Theses  fronts 
exhibit  very  little  density  change  across  the  front,  have  simple  chemistry,  are  unaffected  by  heat 
losses  (since  the  front  is  nearly  isothermal)  and  have  high  Schmidt  numbers,  allowing  the  front  to 
remain  “flamelet-like”  even  in  the  presence  of  very  strong  flow  disturbances  or  turbulence.  Thus, 
such  fronts  are  very  useful  for  experimental  study  of  combustion  under  conditions  far  more 
readily  simulated  by  available  theoretical  and  numerical  models. 

Hele-Shaw  cells  are  frequently  employed  to  study  buoyancy  effects  in  fluid  systems  in  a 
simple  quasi  two-dimensional  geometry  where  the  flow  is  governed  by  a linear  equation  (Darcy’s 
law).  Thus,  autocatalytic  reactions  in  Hele-Shaw  cells  represent  the  simplest  possible 
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experimental  realization  of  the  interaction  of  a propagating  front  with  buoyancy-induced 
convection.  Fingering-type  instabilities  were  observed  (Fig.  5),  which  is  very  surprising  since  the 
classical  Saffman-Taylor  mechanism  is  not  present  (since  there  is  no  viscosity  difference  across 
the  front).  The  fingering  wavelength  is  independent  of  the  front  propagation  rate  (Sl)  and  the  cell 
thickness  (w)  and  is  inversely  proportional  to  the  square  root  of  the  cosine  of  the  angle  of  the  cell 
from  vertical.  The  only  viable  explanation  of  this  behavior  is  a surface  tension  at  the  interface 
whose  magnitude  is  about  0.005  dyne/cm  - about  14.000  times  smaller  than  a water-air  interface. 

An  estimate  of  the  magnitude  of  the  buoyancy-induced  flow  disturbances  was  derived  based 
on  the  Saffman-Taylor  model,  resulting  in  u’/Sl  ~ (7t/12)g8w2/vSL  where  u’  is  the  effective 
turbulence  intensity”,  g the  gravitational  acceleration,  8 the  fractional  density  change,  and  v the 
kinematic  viscosity.  The  “turbulent  burning  velocity”  (S-p)  is  plotted  as  a function  of  U in  Fig.  6. 
These  results  show  that  the  Yakhot  model  ST/SL  = exp  ((uVSL)/(Sr/SL))2  fit  the  experimental  data 
for  this  experiment,  as  it  did  our  previous  results  from  several  different  forced-turbulence  flows. 
These  results  suggest  a rather  simple  description  of  the  role  of  buoyancy  on  the  front 
propagation  in  this  simple  chemical  and  hydrodynamic  system. 


Figure  5.  Upward  propagating  autocatalytic  front  in  a Figure  6.  Correlation  of  wrinkled  front  speed  (Ut)  with 
Hele-Shaw  cell.  Cell  thickness  (w)  =1.0  mm,  Sl  = buoyancy  parameter (Ub). 

0.17  mm/s.  Upper  image:  10  seconds  after  initiation; 
lower  image:  after  reaching  quasi-steady  propagation 
condition.  Width  of  cell  is  200  mm. 

PREMIXED-GAS  FLAME  PROPAGATION  IN  HELE-SHAW  CELLS 

As  a complement  to  the  experiments  on  chemical  fronts  in  Hele-Shaw  cells,  premixed-gas 
flames  in  Hele-Shaw  cells  were  also  examined.  Significantly,  wrinkling  was  observed  even  for 
downward  propagating  (buoyantly  stable)  flames  and  flames  having  high  Lewis  number 
(diffusive-thermal ly  stable)  (Fig.  7a).  The  burning  rates  (Sj)  of  these  flames  are  quite  different 
from  their  laminar,  unwrinkled  values  (SL).  Values  of  ST/SL  in  the  quasi-steady  stage  were  higher 
for  upward  vs.  downward  propagation,  but  only  weakly  dependent  on  Lewis  and  Peclet  numbers 
(Fig.  7b).  The  first  of  these  effects  is  consistent  with  the  Joulin-Sivashinsky  (JS)  model,  whereas 
the  last  is  contrary  to  the  JS  predictions  concerning  the  effects  of  heat  losses.  These  results 
show  that  even  for  diffusively  stable  mixtures,  at  microgravity  thermal  expansion  and  viscosity 
changes  across  the  front  will  lead  to  flame  instabilities.  These  results  also  indicate  that  the 
behavior  of  flame  propagation  in  narrow  channels  such  as  crevice  volumes  in  premixed-charge 
internal  combustion  engines  (the  source  of  most  unbumed  hydrocarbon  emissions)  may  be  quite 
different  from  that  inferred  from  simple  laminar  flame  experiments. 
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Figure  7.  Characteristics  of  flames  in  Hele-Shaw  cells,  (a)  direct  images  (flames  propagate  from  left  to  right.)  Cell 
width  (vertical  direction  in  these  images)  39  cm.  Cell  length  (horizontal  direction  in  these  images)  60  cm,  but 
images  are  cropped  to  show  only  flame  front.  Images  from  left  to  right:  7.2%  CH4  in  air,  horizontal  propagation; 
7.1%  CHj  in  air,  upward  propagation;  7.1%  CH4  in  air,  downward  propagation;  3.0%  C3H8  in  air,  horizontal 
propagation,  (b)  Correlation  of  wrinkled  front  speed  (ST/SL)  with  Peclet  number. 
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INTRODUCTION 

Flame  propagation  through  non'u“'f°i^11>1  combustion  has 

combustion  situations.  As  summarized  in  [ ],  ijmitine  cases  of  diffusion  or  uniformly 
received  scant  attention  compared  to  the  mor  „ , knowledge  of  layered  combustion, 

premixed  flames.  It  is  the  goal  of  this  research  to  further  our  y _n  particular 

^^^ep^e^vity  !TfS.l!^re 

of  the  h. 

obtained  will  also  be  useful  to  verify  dteoretical  models  of  th.s 
problem,  which  are  easier  to  implement  if  buoyancy  is  neglected. 

EXPERIMENTAL  APPARATUS 

Controlled  Diffusion  Time  , f • i holder  76  cm  long  by  10  cm  wide  by 

^I,‘if  and'ignitioil sequence^cTthat^ifferent  layer  thicknesses  can  be  formed  by 

controlling  the  diffusion  time[2]. 

Interferometric  Fuel  Vapor  Measurements  „ • , Schlieren  System  to  used  to  measure 

,hetr4=^ 

STyX^ 

ffi"adM  ’ S.  phase  information  from  the  interferograms  and  obtain  the 
fuel  concentration  [3]. 


Drop  Rig  for  Mcrograv/^Mea^wrewe  Drop  Tower  was  completed  and  put  into 

A drop  rig  for  use  in  the  NASA .Glenn Li .sec  urcj  ^ cameras  that  view  the 

operation.  It  is  similar  in  size  to  the  1 g PP  .’  Th  c,ei  trav  js  thermally  controlled  via  a 
impact  the  fuel  holder  retracts  and  the  lid  closes  to  extinguish  the  flame. 
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EXPERIMENTAL  RESULTS 

mmmm 

inJferomeKLTbS”a“«n  Fig  2SS*S^TE'' wi‘h *e 
1 9 °C  and  a diffusion  tim^  i n g'  tl™  , ns  3 samPle  °*  this  data  taken  for  a temperature  of 

SSalll^ss 

gpismii- 


NUMERICAL  MODEL 

uiisteady^me  spread  modef  developed^at  j^">.  „ 

The  effects  of  gravity  were  examined  by  simulating  ignition  and  flame  soread  across 

|hXr^  aSsU“jS°i^  fSvilil  rpyerflaaSsh  ' 5°-mm 

stoichiometric  mixture  somewhere  in  the  initial  gas  phase  Diffusion  is  allowed  tn  J -a  . 
etSn?sr?rita0e?af?8lbU,im  vaP0;  fcen.ra.ion  .ha.  is  consistent whh  “ 8 
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Figure  4 shows  the  flame  position  versus  time  for  two  initial  temperatures,  after  central 
ignition.  As  expected,  independent  of  gravity  level,  each  flame’s  spread  is  very  rapid  and  steady, 
consistent  with  experiments.  Flame  spread  is  more  rapid  at  35  C than  at  27  C (70-80  cm/s  versus 
30-40  cm/s),  due  to  the  higher  fuel  vapor  concentration  initially  in  the  gas  phase.  At  both  27  C 
and  35  C,  flame  spread  is  predicted  to  be  more  rapid  in  microgravity  than  in  normal  gravity. 

This  is  due  to  the  development  of  buoyant  convection  in  the  trailing  portion  of  the  normal- 
gravity  flame.  This  creates  a vortex  above  the  pool  surface,  yielding  high  velocities  in  both  the 
vertical  and  axial  directions.  More  importantly,  buoyancy  forces  divert  some  of  the  thermal 
expansion  that  accompanies  combustion  away  from  the  direction  of  flame  spread.  In 
microgravity,  the  plume  is  absent,  so  the  thermal  expansion  is  directed  in  the  direction  of  flame 
spread,  and  raises  the  speed  of  spread  in  agreement  with  the  experiment  conducted  with  ethanol. 
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Figure  1 . Flame  position  vs.  time  for 
various  diffusion  times  for  ethanol  in  normal 
gravity.  Initial  fuel  temperature  is  19  °C. 
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Figure  3.  Flame  velocity  vs.  diffusion 
time  for  normal  and  microgravity  flames 
spreading  over  ethanol  at  23  °C. 
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Figure  2.  Ethanol  concentration  above  a 
19  °C  normal  gravity  frit.  The  diffusion 
time  is  10  seconds  for  this  plot. 


Time  (s) 


Figure  4.  Predicted  flame  position  vs. 
time  for  1 -propanol  at  two  temperatures. 
Lower  curves  of  each  pair  are  for  1 g 
conditions,  upper  for  pg 
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INTRODUCTION 

Soot  processes  within  hydrocarbon-fueled  flames  affect  emissions  of  pollutant  soot,  thermal 
loads  on  combustors,  hazards  of  unwanted  fires  and  capabilities  for  computational  combustion. 
In  view  of  these  observations,  the  present  study  is  considering  processes  of  soot  formation  in 
both  burner- stabilized  and  freely-propagating  laminar  premixed  flames.  These  flames  are  being 
studied  in  order  to  simplify  the  interpretation  of  measurements  and  to  enhance  computational 
tractability  compared  to  the  diffusion  flame  environments  of  greatest  interest  for  soot  processes 
(ref.  1).  In  addition,  earlier  studies  of  soot  formation  in  laminar  premixed  flames  used 
approximations  of  soot  optical  and  structure  properties  that  have  not  been  effective  during  recent 
evaluations,  as  well  as  questionable  estimates  of  flow  residence  times  (ref.  1-3).  The  objective  of 
present  work  was  to  exploit  methods  of  avoiding  these  difficulties  developed  for  laminar 
diffusion  flames  (ref.  1)  to  study  soot  growth  in  laminar  premixed  flames.  The  following 
description  of  these  studies  is  brief,  see  refs.  2 and  3 for  more  details. 

EXPERIMENTAL  AND  COMPUTATIONAL  METHODS 

The  measurements  were  completed  along  the  axis  of  flat  flame  burners  operating  at  100  kPa. 
The  burner  flows  were  surrounded  by  nitrogen  shroud  flows  in  order  to  avoid  combustion  of  the 
fuel-rich  soot-containing  mixture  with  ambient  air.  Measurements  are  described  in  refs.  1-3;  in 
addition  H-atom  concentrations  were  found  using  the  deconvoluted  Li/LiOH  atomic  absorption 
method.  Test  conditions  included  ethylene/air  flames  similar  to  Harris  and  Weiner  (ref.  4)  and 
methane/oxygen  flames  similar  to  Ramer  et  al.  (ref.  5). 

Flame  properties  were  predicted  using  the  detailed  chemical  mechanisms  of  Frenklach  and 
coworkers  (ref.  6)  and  Leung  and  Lindstedt  (ref.  7).  In  addition,  measurements  were  sufficient  to 
resolve  all  quantities  needed  to  evaluate  the  hydrogen-abstraction/carbon-addition  (HACA)  soot 
surface  growth  mechanisms  of  Frenklach  and  coworkers  (ref.  6)  and  Colket  and  Hall  (ref.  8). 

RESULTS  AND  DISCUSSION 

Measurements  of  soot  and  flame  properties  along  the  axis  of  a typical  laminar  premixed 
methane/oxygen  flame  are  illustrated  in  Fig.  1 . These  results  are  for  a fuel/oxygen,  F/O,  ratio  of 
1.15  but  results  at  other  conditions  are  similar.  Increased  distances  from  the  burner  cause 
increased  streamwise  velocities,  u,  due  to  buoyancy;  increased  soot  volume  fractions,  fs,  due  to 
soot  nucleation  and  growth;  increased  soot  primary  particle  diameters,  dp,  due  to  soot  growth; 
and  decreased  temperatures,  T,  in  the  soot  growth  region  due  to  radiative  heat  losses;  in  contrast, 
gas  species  concentrations  remain  nearly  constant  because  soot  growth  involves  less  than  0.02% 
of  the  available  mass  of  carbon  for  the  present  test  conditions. 

Measured  and  predicted  concentrations  of  major  gas  species  for  the  methane/oxygen  flames 
are  illustrated  in  Fig.  2.  Present  measurements  generally  are  in  good  agreement  with  the  earlier 
measurements  of  Ramer  et  al.  (ref.  5),  and  with  both  sets  of  predictions.  Results  at  other  flame 
conditions  were  similar  (refs.  2 and  3).  Taken  together,  it  is  encouraging  that  flame  structure  can 
be  predicted  reasonably  well  in  the  presence  of  soot. 
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A key  property  of  the  HACA  soot  growth  mechanisms  is  the  H-atom  concentrations.  Earlier 
predictions  indicated  that  H-atom  was  essentially  in  thermodynamic  equilibrium  in  the  soot 
growth  region  of  the  test  flames  and  this  estimate  was  used  to  evaluate  HACA  mechanisms  (refs. 
2 and  3).  Present  work  completed  direct  measurements  of  H-atom  concentrations  in 
methane/oxygen  flames  as  plotted  in  Fig.  3.  These  results  show  that  the  mechanisms  of 
Frenklach  and  coworkers  (ref.  6)  and  Leung  and  Lindstedt  (ref.  7)  yield  very  nearly  the  same 
results,  that  these  results  are  in  very  good  agreement  with  estimates  based  on  the  assumption  of 
local  thermodynamic  equilibrium,  and  that  all  these  results  are  in  excellent  agreement  with 
present  H-atom  measurements.  This  finding  justifies  estimates  of  H-atom  concentrations  used 
during  earlier  evaluations  of  HACA  mechanisms  of  soot  growth  (refs.  2 and  3).  H-atom 
concentrations  decrease  in  response  to  the  decreasing  temperatures  seen  in  Fig.  1,  which  is 
ultimately  responsible  for  progressively  decreasing  soot  growth  rates  through  the  HACA 
mechanism.  Since  the  temperature  reduction  is  mainly  due  to  radiation  from  soot,  soot  formation 
itself  ultimately  controls  maximum  soot  concentrations  in  these  flames. 

Present  measurements  were  used  to  evaluate  the  HACA  soot  growth  mechanisms  of  Frenklach 
and  coworkers  (ref.  6)  and  Colket  and  Hall  (ref.  8).  The  results  for  the  Colket  and  Hall 
mechanism  are  illustrated  in  Fig.  4,  where  the  soot  growth  rate,  wg,  is  plotted  as  a function  of 
their  HACA  reaction  rate  expression,  RCh,  for  both  the  ethylene/air  and  methane/oxygen  flames. 
The  predictions  in  this  case  are  fitted  by  selecting  an  unknown  steric  factor  for  the  HACA 
mechanism,  finding  a very  plausible  value  of  the  steric  factor  of  0.9  with  an  uncertainty  of  0.2. 
The  resulting  comparison  between  measurements  and  predictions  is  seen  to  be  excellent. 
Notably,  similar  results  were  obtained  using  the  HACA  soot  growth  mechanism  of  Frenklach  and 
coworkers  (ref.  6)  also  finding  very  plausible  (order  of  unity)  values  of  the  unknown  steric  factor 
in  their  HACA  mechanism. 
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Fig.  1 Soot  growth  region  of  premixed  methane/oxygen  flame. 


Fig.  2 Species  concentrations  in  soot  growth  region  of  premixed  methane/oxygen  flames. 


63 


SOOT  FORMATION:  F.  Xu  et  al. 


PREMIXED  CH4  / 02  , N2  FLAME 


Fig.  3 H atom  concentrations  in  soot  growth  region  of  premixed  methane/oxygen  flames. 


Fig.  4 Soot  surface  growth  rates  via  the  HACA  mechanism. 
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INTRODUCTION 

The  use  of  water  mists  (very  fine  water  sprays)  for  fire  suppression  is  currently  receiving 
increased  attention  as  a replacement  technology  for  halogen-based  chemical  agents — such  as 
Halon  1301  (CFjBr) — the  manufacturing  of  which  has  been  banned  by  the  Montreal  Protocol  due 
to  their  high  ozone  depletion  potential.  Water  mist  technology  has  been  found  effective  for  a 
wide  range  of  applications  such  as  Class  B pool  fires,  shipboard  machinery,  aircraft  cabins, 
computers,  and  electronic  equipment  [1]. 

There  are  five  distinct  mechanisms  by  which  water  droplets  may  interact  with  a flame.  First, 
the  high  enthalpy  of  vaporization  of  water  (2450  kJ/kg)  leads  to  heat  removal  from  the  flame  front 
as  the  liquid  droplets  turn  to  steam.  Second,  as  water  vaporizes  its  volume  increases 
approximately  three  orders  of  magnitude,  which  leads  to  the  dilution  of  the  oxygen  and  vaporized 
fuel  required  to  maintain  the  flame.  The  third  effect  is  the  recombination  of  H-atoms  and  other 
radicals  on  the  droplet  surface.  A fourth  effect  of  water  mists  in  fires  is  the  retardation  of  surface 
propagation  rates  due  to  the  wetting  of  walls  and  surfaces.  The  last  potential  impact  of  fine  water 
mists  affects  the  radiative  propagation  of  the  fire  by  forming  an  optically  thick  barrier  to  infrared 
radiation  which  prevents  ignition  of  the  unbumed  regions.  Unfortunately,  little  fundamental 
information  exists  on  the  interaction  of  a flame  with  a water  mist.  To  date,  there  is  no  widely 
accepted  interpretation  of  the  critical  concentration  of  droplets  required  to  suppress  a flame  or  of 
the  fundamental  mechanisms  involved  in  flame  extinguishment  by  water  mists. 

One  of  the  main  obstacles  to  obtaining  such  understanding  is  the  difficulty  of  providing  a 
simple,  well-defined  experimental  setup  for  the  flame  front/water  mist  interaction.  Some  of  the 
difficulty  stems  from  the  problem  of  generating,  distributing  and  maintaining  a homogeneous 
concentration  of  droplets  throughout  a chamber  while  gravity  depletes  the  concentration  and 
alters  the  droplet  size  by  coalescence  and  agglomeration  mechanisms.  Experiments  conducted  in 
the  absence  of  gravity  provide  an  ideal  environment  to  study  the  interaction  of  water  mists  and 
flames  by  eliminating  these  distorting  effects.  In  addition,  microgravity  eliminates  the  complex 
flow  patterns  induced  between  the  flame  front  and  the  water  droplets.  The  long  duration  and 
quality  of  microgravity  in  space  flights  provide  the  required  conditions  to  perform  the  setup  and 
monitoring  of  flame  suppression  experiments.  Consequently,  a series  of  experiments  have  been 
identified  to  be  performed  on  the  Combustion  Module  (CM-2)  in  the  Space  Shuttle.  These 
consist  of  measuring  the  extinguishing  capability  of  a water  mist  on  a premixed  flame  propagating 
along  a tube.  These  experiments  should  provide  the  necessary  data  to  obtain  further 
understanding  of  the  water  mist  suppression  phenomena  that  can  be  later  used  to  design  and 
manufacture  appropriate  fire  suppression  systems.  In  preparation  for  the  orbital  flights, 
experiments  have  been  conducted  on  low-gravity  ground  facilities  to  obtain  the  preliminary  data 
necessary  to  define  the  scientific  objectives  and  technical  issues  of  the  spacecraft  experiments. 
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EXPERIMENTAL  APPARATUS  AND  RESEARCH  APPROACH 

The  experimental  apparatus  used  in  both  the  normal-  and  low-gravity  tests  is  shown  in  Fig.  1 . 
The  low-gravity  experiments  were  conducted  in  NASA’s  KC-135  airplane  in  Houston,  Texas. 
Gravity  levels  down  to  ±0.01  g are  obtained  during  a typical  20-s  parabolic  maneuver.  Up  to  20 
tests  were  conducted  in  a single  flight  for  a total  of  80  tests  in  a week-long  flight  campaign. 


Figure  1.  Experimental  apparatus 

In  order  to  characterize  the  interaction  of  the  water  mist  with  the  flame  front,  a premixed  gas 
mixture  of  propane  (CjHg)  and  air  is  loaded  in  a transparent  cylindrical  tube  of  approximately 
6.35-cm  diameter  and  49.5-cm  length.  The  C3Hg-air  mixture  was  chosen  for  its  ease  of  ignition, 
high  flame  luminosity,  and  its  wide  used  in  many  practical  applications.  In  addition,  two  types  of 
flame  behavior  are  observed  depending  on  mixture  stoichiometry:  continuous  flames  in  lean 
mixtures  and  wrinkled  flame  fronts  in  rich  mixtures.  This  behavior  is  caused  by  thermal-diffusive 
instabilities  that  depend  on  the  Lewis  number  ( Le ) of  the  mixture.  The  two  gases  are  introduced 
in  the  tube  from  separate  tanks  through  a static  mixer  using  mass  flow  controllers.  A water  mist 
generated  by  an  ultrasonic  atomizing  system  is  introduced  in  one  half  of  the  tube  separated  by  an 
iris  from  the  dry  region.  The  water  concentration  is  determined  by  the  volume  of  water  delivered 
by  the  syringe  pump.  The  iris  opens  and  the  mixture  is  ignited  in  the  dry  section  while  keeping  the 
valve  at  that  end  of  the  tube  open  for  an  isobaric  combustion  process.  In  order  to  measure  the 
fire  suppression  ability  of  a given  water  mist  droplet  size  and  concentration,  the  propagation 
velocity  of  the  premixed  flame  is  measured.  The  flame  speed  is  measured  by  an  array  of 
photodiodes  installed  along  the  tube  and  by  a video  camera.  Experiments  are  conducted  with 
various  equivalence  ratios  (<)))  ranging  from  0.6  to  2.0  and  with  several  water-mist  volumes  from 
0.25  to  1 .00  mL.  The  mean  diameter  of  the  water  mist  droplets  is  36  Jim. 

RESULTS 

As  mentioned  above,  the  effect  of  water  mist  volume  and  equivalence  ratio  on  the  laminar 
flame  speed  is  used  as  the  measure  of  fire  suppression  efficacy.  The  influence  of  water  mist  on 
the  shape  and  propagation  behavior  of  flames  is  also  explored.  In  the  case  of  lean  premixed 
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flames,  a curved,  continuous  flame  front  propagates  at  a constant  speed  down  the  dry  section  of 
the  cylindrical  tube  after  ignition.  Interestingly,  for  all  lean  equivalence  ratios,  the  flame  speed 
increases  at  first  with  low  water-mist  volumes  and  then  decreases  below  its  dry-region  value  for 
high  water-mist  volumes.  This  effect  is  shown  in  Fig.  2 for  a CjHg-air  mixture  of  4>  = 0.8.  The 
speeds  shown  correspond  to  the  flame  front  propagation  velocity  in  the  tube  and  not  to  the 
burning  velocity  of  the  mixture. 


Figure  2.  Effect  of  water  mist  (mean  droplet  diameter  of  36  pm)  on  the  flame  speed 
of  a CsHs-air  premixed  flame  with  equivalence  ratio  of  0.8. 

This  reversal  of  flame  speed  with  water  mist  volume  may  be  due  in  part  to  the  heating  of  the 
unbumed  mixture  ahead  of  the  flame  as  a result  of  radiation  absorption  by  the  water  droplets.  At 
sufficiently  low  water-mist  concentrations  this  preheating  of  the  mixture  may  overcome  the  heat 
loss  experienced  by  the  flame  due  to  the  phase-change  cooling  and  mixture  dilution  caused  by  the 
water  mist.  Alternatively,  this  behavior  may  be  due  to  the  short  duration  of  reduced  gravity  in  the 
airplane.  The  brief  time  allowed  for  water  injection  and  dispersion  in  the  airplane  is  not  enough  to 
generate  a homogenous  mist  concentration  and  may  also  lead  to  residual  convective  currents 
generated  by  the  mist  injection.  In  addition  the  g-jitter  present  in  parabolic  flight  may  also 
contribute  to  the  inability  to  obtain  the  desired  experimental  conditions.  A few  experiments  were 
conducted  with  higher  water  concentrations.  In  these  cases  the  flame  front  was  distorted,  slowed 
down,  and  eventually  extinguished  before  reaching  the  end  of  the  tube.  Even  under  these  extreme 
conditions  of  flame  distortion  and  stretch,  the  flame  front  remains  remarkably  coherent  and 
resilient  due  to  the  high  Le  number  (1 .78)  of  these  lean  mixtures. 

The  rich  mixtures  tested  exhibited  a wrinkled  flame  front  immediately  after  ignition.  This 
unstable  behavior  is  caused  by  the  unequal  rates  of  diffusion  of  thermal  energy  and  mass 
characteristic  of  a mixture  with  lower-than-unity  Lewis  number  (Le  = 0.87).  These  instabilities 
are  accentuated  by  the  quenching  action  of  the  water  mist.  Multiple  local  extinctions  on  the 
wrinkled  flame  front  by  water  droplets  result  in  increased  flame  curvature  and  consequently  in 
larger  reactant  diffusion  rates  versus  heat  loss  rates.  As  a result,  the  flame  front  breaks  up  into 
various  cellular  fronts  that  tend  to  propagate  independently  of  each  other.  The  highly  curved  cells 
acquire  a higher  temperature  and  higher  resistance  to  extinction  by  water  droplets.  This  in  turn 
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promotes  faster  flame  speeds  for  low  water-mist  concentrations.  The  inability  to  obtain  a 
homogeneously  distributed  water  concentration  in  the  airplane  experiments  results  in  the 
formation  of  flame  cells  separating  from  the  flame  front  and  traveling  at  different  propagation 
velocities.  This  non-coherent  propagation  makes  it  difficult  to  define  a uniform  flame  front  speed. 
A few  tests  were  conducted  with  very  rich  mixtures  (higher  than  <J)=2.0)  and  high  water  volumes 
(higher  than  1 .0  mL).  In  these  extreme  cases,  a few  small  cellular  flames  propagated  through  the 
non-homogeneous  misted  section  at  speeds  lower  than  5 cm/s. 

CONCLUSIONS  AND  FUTURE  WORK 

A preliminary  investigation  of  the  effect  of  water  mists  on  premixed  flame  propagation  in  a 
cylindrical  tube  under  reduced-gravity  conditions  has  been  conducted  to  define  the  scientific  and 
technical  objectives  of  the  experiments  to  be  performed  on  the  Space  Shuttle  microgravity 
environment.  The  inhibiting  characteristics  of  several  water  mist  concentrations  in  premixed 
propagating  flames  of  propane-air  mixtures  at  various  equivalence  ratios  are  studied.  Two 
different  types  of  flame  behavior  are  found  depending  on  the  mixture  stoichiometry.  In  the  case 
of  lean  CjHx-air  mixtures,  the  flame  speed  increases  at  first  with  low  water-mist  concentrations 
and  then  decreases  below  its  dry  value  when  higher  water-mist  volumes  are  introduced  in  the 
tube.  This  phenomenon  may  be  due  in  part  to  the  heating  of  the  unbumed  mixture  ahead  of  the 
flame  as  a result  of  radiation  absorption  by  the  water  droplets.  For  rich  C3H8-air  mixtures,  similar 
behavior  of  flame  speed  vs.  water  concentration  is  found  but  in  this  case  is  mostly  due  to  the 
formation  of  cellular  flames,  which  become  more  resistant  to  extinction  by  the  water  mist. 

It  is  suspected  that  the  unusual  behavior  observed  in  both  of  the  above  cases  may  be  also  due  in 
part  to  the  short  duration  and  low  quality  of  the  reduced  gravity  available  in  the  airplane. 
Consequently,  the  next  stage  of  the  Water  Mist  project  (MIST)  is  the  development  of  an 
experiment  that  will  take  advantage  of  the  long  duration  and  high-quality  microgravity 
experienced  in  orbital  flight.  The  MIST  experiment  is  scheduled  to  fly  on  the  STS- 107  mission  of 
the  Space  Shuttle  in  early  200 1 . During  that  mission,  the  MIST  apparatus  will  be  installed  inside 
the  Combustion  Module  (CM-2)  along  with  other  two  combustion  experiments.  The  final 
objective  is  to  create  a detailed  map  of  flame  speed,  droplet  diameter,  water  concentration,  and 
equivalence  ratio,  which  will  give  the  appropriate  set  of  parameters  for  flame  suppression. 
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FLAME  INVESTIGATION  OF  VERY  LEAN  PROPANE-AIR  MIXTURES 

UNDER  MICROGRAVITY 

T.Kawak^  S.Okajima  ’ and  T.Sakuraya2)College  of  Engineering  Hosei  University  Kajino-cho 
Kogane',  Tokyo  1 84  Japan  2)  Japan  Space  Utilization  Promotion  Center  3-30- 1 6,  Nishi waseda  ’ 
Sninjuku-ku,  169,  Japan  (kawakami@k.hosei.ac.ip,  Okajima^cm.me.hosei.ac.in  and Muraya@jsuj>  or  jP> 

INTRODUCTION 

Expenments  on  combustion  of  very  lean  mixtures  in  the  vicinity  of  lower  flammability  limits 
e very  important  from  the  viewpoint  of  development  on  the  combustion  system  for  low  fuel 
consumptmn  and  low  emissions  with  high  load  engines.  However,  accurate  data  on  combustion 

techn^nne  H “*  due  l°  difflculties  inherent  in  conventional  measuring 

ques  under  normal  gravity.  It  is  well  known  that  the  flame  behavior  is  strongly  influenced 

by  buoyancy  under  normal  gravity.  This  influence  is  more  pronounced  in  the  near  the  lower 

veaZav  Hyft  S ^.ere..flame  sPeeds  are  very  low;  Consequently,  the  data  such  as  burning 
y an  amma  llity  limits  of  extremely  lean  obtained  by  conventional  measuring  technique 
under  normal  gravity  are  suspect.  S iccnnique 

Thus,  the  present  experiments  have  been  carried  out  with  quiescent  mixtures  for  examining 
irregular  flame  propagation  and  lower  limits  of  flame  propagation  limit  at  very  lean  propane- 
air  mixtures  under  microgravity.  * F pdnc 

These  experiments  were  performed  in  the  490  m drop  shaft  of  Japan  Microgravity  Center 
located  in  Kamisunagawa,  Hokkaido,  Japan.  S y 


(a)  Closed  bomb  . (b)  Long  tube 

Fig.  1 Falling  assembly 


69 


FLAME  INVESTIGATION  OF  PROPANE-AIR  MIXTURES:  T.Kawakami,  S.  Okaj.ma  and  T.  Sakuraya 

fxperimental  apparatus  and  procedure 

The  falling  assembly  used  for  observation  of  the  irregular  flame  propagation  of  very  1 

is  shown  in  Fig.  1(a)  and  its  size  is  800x800x350  mm  and  weigh.  ,s  about 
70  kg.  It  contains  a cylindrical  combustion  bomb,  an  igniter,  a schlteren  photograph, c system 

"Tn^iTlTbV  is 'shown  the  second  falling  assembly  for  determining  the  limits  of  flame 
propagation' at  vetflean  mixtures  in  a long  tube  and  its  size  is  800x800x350  mm  and  weight  is 
P.  P8o0  kp  It  contains  a glass  tube,  an  electromagnetic  oscillograph,  six  ionization  probes  and 
COTvtdeo  cameras  the  glass'.ube  of  50  mm  in  initial  diameter  and  1500  mm  in  length  ,s 

™r:l“fc'“ed  r,  m"Sm  t^ature  and  0.1  MPa.  The  fuel  used  is  propane  of 
99.9%  purity.  A mixture  of  79  % nitrogen  and  21  % oxygen  by  volume  is  used  as  a subst 

for  air. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

a)^T“Silmn  photographs  of  the  flame  propagation  of 

microeravitv  Fig  3 and  4 denote  the  flame  speed  with  time  from  ignition  of  propane-a 

Tix  me  •=  049  and  0.47  under  microgravity.  In  these  figures  it  can  be  seen  that t die : fl  me 

mixtures.  As  the  mixture  becomes  leaner  and  leaner,  enhanced  d.ffusivity  shifts  Le  to  h,g 
value  and  the  poorer  heat  transfer  conditions  make  the  flame  propagation  irregular. 


* = 0.49 

Laminar 


0.47 

La  acinar 
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Time  (sec) 


Fig.  3 Flame  speed(«=  0.49) 


?0 


1 

8- 


0 0«  0*  os 

Tame  (see) 

•••Fig.  4 Flame  speed(»=  0.47) 


(2)  Propagation  limit 

Figures  5 and  6 show  the  direct  color  photographs  of  flame  propagation  of  propane-air 
m x ures  at  equivalence  ratio  of  0.45  in  a long  tube  under  normal  and  microgravity  respective^ 

tafluencJrh  Pl 1Ot0g;rS  the  name  Shape  0f  SUCh  nontiaPgrav'ity  is 

influenced  by  buoyancy,  and  hence  the  distortion  of  the  flame  shape  from  axial  symmetry  is 

markedly  large.  On  the  other  hand  under  microgravity  the  flame  remains  symmetrical  through 
out  the  combustion  process.  So  it  makes  possible  to  determine  the  true  vTuTs  of  tL  flame 
propagation  limits  from  the  microgravity  experiment. 


Fig.  5 Flame  shape  (normal  gravity)  —Fig.  6 Flame  shape(microgravity) 


71 


FLAME  INVESTIGATION  OF  PROPANE- AIR  MIXTURES:  T.Kawakami.  S.  Okajima  and  T.  Sakuraya 


♦ Mima  gravity 

* Warmul  gravity 


n *4  6$  351 

raUo  a 


£6  *0  » 
r%met  cr  of  combust  km  lube  (mm) 


• ••• 


P long  r of  eiL8,yPZaCp" mixtures  with 

8 , ^i^JdTSarity  It  Is  found  that  from  this  figure  that  the  fiame  speed 

1 wsmmzm= 

with  dianteter  of  combustion  tube 
^ p th-  fjalire  Jr  can  be  seen  that  the  lower  limits  of  flame  propagation  are 

influenced  by  radiative  heat  loss  to  walls  of  the  combustion  tube. 

C?™fnt?haSve  been  carried  out  to  elucidate  the  irregular  flame  propagation  and  the  limits  of 

— =- 
“ “im  evl  ul^icregr/vhy  !)  Under  microgravi.y  the  lower  limits  of  flame  ptopagatton  ,s 
shifted  to  lower  value  more  than  that  obtained  under  normal  gravity. 

pan  of  project  sponsored  by  “Japan  Space  Utilization  Prompt, on 
Center(JSUP)”  promoted  by  NASDA. 

r™yCC  M.iTwenty-Fourth  Symp.(lntemational)  on  Combustion,  The  Combustion 

Institute,  Pittsburgh,  pp.  177-187,  1657(1991). 

2)  Sivashinsky,  G.  I.,  Fluid  Mech.,  179  (1983). 
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STRUCTURE  AND  TRANSIENT  RESPONSE  OF  SPHERICAL  FLAMES 

C.  K.  Law,  S.  D.  Tse,  L.  He,  D.  L.  Zhu,  and  C.  J.  Sung 
Department  of  Mechanical  and  Aerospace  Engineering 
Princeton  University,  Princeton,  NJ  08544  USA 


"prese",  research  endeavor  is  concerned  with  gaining  Wnnl  “"XwtklfsuA 
configuration  structure,  and  dynamics  of  laminar  flames  in  simple,  well-defined  flow  fields  such 
thanhe  phenomena  of  interest  can  be  studied  without  being  unduly  complicated  and  compromised 
bv  complTanTsometimes  non-quantif.able  flow  field  effects.  Consequently  microgravity,  on^ 
dimensional,  spherically-symme.ric  names  are  expected  to  yield  data  of  high “V^ich  can 
meaningfully  interpreted  as  well  as  compared  with  numencal  calculations  for  the  understanding 
the  baste  flame  structure  in  general  and  flame  chemistry  and  dynamics  in  particular  Moreover 
such  one-dimensional  names  are  readily  amenable  jo  theoretical 

underlying  physics  of  speciftc  transient  responses  and  their  corresponding  dame  structures 

CX  Wetave  recently  extended  our  studies  of  the  structures  and  transient  responses  of  spherical 
dames  atag T following  directions:  (1)  theoretical  study  of  the  role  of  flamefront  mot, on  in 
droplet  burning  to  determine  the  range  of  validity  of  the  classical  quasi-sleady  theory  m Pre^  'ng 
die ^lanK  standoff  ratio,  as  well  as  its  implication  on  transient  fuel  vapor 

(21  exoerimental  and  computational  investigation  of  the  influences  of  the  gas-phase  transient 
mocesse^ol^fiiel  vapor  accumulation  and  far-f,eld  diffusion  on  the  flameffont  movement ^and  the 
attainment  of  steady  state  for  burner-generated  spherical  diffusion  flames,  wit  out  t e a 1 *° 
SeTnmcess  of  droplet  surface  regression;  and  (3)  theoretical  and  numerical  study  of  the 
dynamics  involved  in  the  transition  from  a propagating  spherical  flame  to  a stationary  ame  a . 

Role  of  Flamefront  Motion  and  Criterion  for  Global  Quasi-Steadiness  in  Droplet  Burn‘n« 

The  classical  2-law,  formulated  by  assuming  quasi-steady  droplet  vaporization  for  gas-phase 
den^fy  p much  smalle  than  .ha,  of  the  liquid  p , i.e.  c = pip  « 1 , shows  that  the  evaporation 
constant  = dr=  /d  , and  that  the  ratio,  K = r /r  , of  the  instantaneous  flame  radius  r to  the 
droplet  radius  r , are  constants  as  the  droplet  gasifies.  However,  it  has  also  been  observed  that 
the  standoff  ratio  and  temperature  of  the  flame  may  not  be  constant  ^ ^ ™ 5een 
classical  2-law  to  describe  the  cumulative  heat  release.  A number  of  studies  have  been 
subsequently  carried  out  that  attribute  these  phenomena  to  various  effects  of  unsteadiness,  which 

quasi-steady  (CQS)  theory  and  the  far-field  unsteady 
diffusion  theory,  it  is  assumed  .ha,  the  droplet 

frolt,  ' ! is  always  the  sane  as  that  a.  the  droplet  surface 
Implicit  in  such  derivations  is  also  the  assumption  that  the  non-dimensional  flamefron 
velocity  U = (dr  /d  ) / , is  at  most  0(  £ ).  However,  in  order  for  the  standoff  ratio  * to 

remain  constant,  the  flame  must  spread  with  a non-dimensional  velocity 

//  s (dr  /d  )/  = K (dr  /d  )/  ■ Since  the  CQS  theory  predicts  values  of  k of  up  to  40 

for  hydrocarbon  droplets  burning  in  air,  U can  actually  assume  values  substantially  larger ^ than 
0(  £ )!  Consequently,  by  not  explicitly  considering  the  motion  of  the  flamefront  in  the  denva  i , 
previous  theories  are  not  self-consistent  and  indeed  violate  mass  conservation. 
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Considering  that  the  ratio  of  the  volume  enclosed  by  the  flamefront  to  that  of  the  droplet  is 

of  Ih;  orH°P  f K regresTn  rate  of  & /d  ) = ' * produces  a total  mass-flow  rate  variation 

of  he  order  of  ek  between  the  droplet  surface  and  the  reaction  front.  As  a result,  the  influence 

of  this  flamefront  motion  can  be  characterized  by  a quasi-steady  parameter  = £K}  such  that 
the  influence  is  large  when  it  is  0(1)  and  small  otherwise.  , such  that 

1 S,inT,  K u 1 ’ the  classical  theory  can  be  aPplied  when  e « \ and  k = 0(1) . Thus  the  effect 
related  to  the  motion  of  the  reaction  front  becomes  important  for  * ~ V™  or  Iger  For 

sryadnH°nffb0c  dr°P  et  COn?Ustlon  m atmospheric  air,  £~(103  to  10'2)  and  the  experimental 

,oS ts i°m u to  2o- The  mass-fi°w me  variati°n  is  therefore  °f 

order  of  10  to  10  mdicatmg  that  the  motion  of  the  reaction  front  is,  in  general,  important 

he  combusti°n  stated  out  with  the  flame  situated  at  the  quasi-steady  value  such  that  the 
vapor  accumulation  effect  due  to  initial  conditions  is  minimized 

By  working  in  the  flame  coordinate  and  hence  naturally  allowing  for  this  motion,  and  by  further 
gas‘Pha^e  quasi-steadiness  (in  this  coordinate),  but  neglecting  far-field  effects 
ulated  results  show  that  the  standoff  ratio  continuously  increases  with  time  for  0(1)  values  of 

. 18 ‘ ’ ut  aPProacbes  a constant,  which  is  close  to  but  exceeds  the  Maw  prediction  when 

is  sufficiently  small  (Fig.  2).  Details  of  the  work  can  be  found  in  Ref.  1 


Microgravity  Burner-Generated  Spherical  Diffusion  Flames 

The  two  mum  causes  for  the  flame  motion  (gas-phase  transient  behavior)  in  droplet  burning  are 
d oplet  surface  regression  and  mass  accumulation  due  to  initial  displacement  of  the  flame  from  an 
otherwise  steady  position.  Furthermore,  any  flame  motion  itself,  as  well  as  the  droplet  surface 

!~rrvT  mdUCe  SeC°nd^  far-fie]d  tr“  d^-n  effects.  In  order  to  identffj 
the  role  of  each  of  these  transient  processes,  it  is  essential  that  they  are  isolated  to  the  extent 

possible.  In  the  present  investigation  we  have  studied  the  motion  of  microgravity,  spherical 
* S1°n  Aames  established  by  ejecting  fuel/inert  mixtures  with  constant  mass-flow  ratesPffom  a 
porous  sphenca  burner  into  air.  Therefore,  effects  caused  by  droplet  heating  and  droplet  surface 
regression  are  eliminated.  As  a result,  the  only  transient  processes  that  remain  in  operation  are 
mass  accumulation  due  to  initial  conditions  and  transient  diffusion  caused  by  the  resulting  flame 
motion.  As  such,  steady-state  combustion  is  achievable  for  the  present  system 

Experimental  data  of  good  quality  have  been  obtained  on  the  transient  response,  due  to  an 

»SeP  fr°D  n0rmal;8ravity  to  microgravity  conditions,  in  the  2.2-s  drop  tower  facility  at 
the  NASA  Lewis  Research  Center.  Figure  3 shows  the  development  of  a buoyancy-affected  flame 
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. j Thp  nnalitv  of  the  spherical  diffusion 

into  a nearly  spheric^sjtj^  0.94  concentric, ty. 

flames  produced  is  excellent,  with  .0  p Y weu  the  experimental  data  of  the 

computations  with  detailed  chemistry  and  transport^  behavior  should  exist  for  such 

flame  expansion  process  (Fig.  4);  h0'*e™’  tome8 behavior  cannot  be  reached  within  the  2.2-s 
flames,  the  results  indicate  that  ,es,ed.  As  a result,  longer  durat.ons  of 

S3  "edta  order  to  “ "»r«e  chenustry  effects  into  an 

—.jkSSS  ssrsr 

data  reveal  that  the  transient  flame  expan  P flames  of  smaller  characteristic  sizes 

different  fuel  mixtures  and  mass-now  rates  show  8 „ndcnce  of  visible  name  luminosity 

approach  steady-state  faster  Additional^,  £ «£ "oLual  nusmterpretation  of  flame 

«-» — su8gesled- 06,3115  of  th,s  wo  c 

found  in  Ref.  2. 


& 


>•5  // 


•f 


Max  ! 

H"H‘I 

Experimental  data 


Time  (s)  , 

Figure  4.  Fully  uamuent  u,“d 

experimental  data  for  flame  of  Hg.  a. 
steady-state  Max  T radius  is  4.72  cm. 


v/olii^  the  velocity-rauius  iti«tto.t  

exaction  or  reversal  of  the  direction  of  propagatton. 


”RE AND  ~0FSP„ER1CALFLAMES:  Tsc  He  zhu  >nd  ^ 
rflbefl"  °f  lime  for  "taoftal IoL‘he  ^.nrSZV  Pl°“ed  i"  Fig  5 as  a 

Specificalljc  'XnZTSZ'ss  l^Tslu^eZ'  °f  ^ " ."""if" 

asymptotically  to  the  planar  flame  (see  = Fio  -5i  ^ '*nMed  at  the  «™er  decelerates 
first  expands  outwardly  but  then  shrinks  to  the  center  Jn  ihcf”,  < < ’ thc  flame  radll|s 

flame  ball  cannot  be  established  directly  from  the  nn  ■ C W0  cases’  a stattonary  spherical 
spherical  flame  first  expands  outwamte  ,h.°  n , .^m‘  '8n“'on  source-  When  < < ‘ 

flame.  Thus  a stationary  spherical  flame  ball  can  be^atS^^^iv  aS  “ stationary  spherical 
tgntted  by  a pom,  source.  When  the  hea,  loss  is  very  large,  ^ “.^L^^CdlcmtTo 

tempermure^ecreases  s™Zy”  f*'  f F°r  * °-  Ihe 

v«  a,  z: 

the  flame  front.  Thus  the  shrinking  of  the  “fla'me”  raS  T*  “if  occurrence  of  extinction  of 
simply  the  consequence  of  diffusive  mixing  ofThe  mn  L r^  m R*'  5 for  this  « 

ambience  subsequent  to  flame  extinction  Fmallv  as  " inf  " a Sphere  witl>  >•»  eold 
-eases  and  then  increases  to  that  of  the  stationary  flame  bau“s 


100 


2 

T 


Figure  6.  Maximum  temperature  of  the  flame. 
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PLANAR  STRAIN-RATE-FREE  DIFFUSION  FLAMES:  INITIATION, 

PROPERTIES,  AND  EXTINCTION 
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INTRODUCTION 

An  effectively  strain-rate-free  diffusion  flame  constitutes  the  most  vigorous  laminar  combustion 
of  initially  unmixed  reactive  gases.  Such  a diffusion  flame  is  characterized  by  a relatively  long 
residence  time  and  by  a relatively  large  characteristic  length  scale.  If  such  a flame  were  also 
planar,  providing  high  symmetry,  it  would  be  particularly  suitable  for  experimental  and  theoretical 
investigations  of  key  combustion  phenomena,  such  as  multicomponent  diffusion,  chemical 
kinetics,  and  soot  inception,  growth,  and  oxidation.  Unfortunately,  a planar  strain-rate-free 
diffusion  flame  is  highly  disrupted  in  earth-gravity  (e.g.,  in  a counterflow-diffusion-flame 
apparatus)  because  of  the  very  rapid  onset  (~  100  ms)  of  gravity-induced  instability. 

Accordingly,  a specially  dedicated  apparatus  was  designed,  fabricated,  and  initially  checked  out 
for  the  examination  of  a planar  strain-rate-free  diffusion  flame  in  microgravity  (Figure  1 ).  Such  a 
diffusion  flame  may  be  formed  within  a hollowed-out  squat  container  (initially  configured  as  25 
cm  x 25  cm  x 9 cm),  with  isothermal,  noncatalytic,  impervious  walls.  At  test  initiation,  a thin 
metallic  sheet  (~  1 mm  in  thickness)  that  separates  the  internal  volume  into  two  equal  portions, 
each  of  dimensions  25  cm  x 25  cm  x 4.5  cm,  is  withdrawn,  by  uniform  translation  (~  50  cm/s)  in 
its  own  plane,  through  a tightly  fitting  slit  in  one  side  wall.  Thereupon,  diluted  fuel  vapor  (initially 
confined  to  one  half-volume  of  the  container)  gains  access  to  diluted  oxygen  (initially  with  the 
same  pressure,  density,  and  temperature  as  the  fuel,  but  initially  confined  to  the  other  half- 
volume). After  a brief  delay  (~  10  ms),  to  permit  limited  but  sufficient-for-flammabilitydiffusional 
interpenetration  of  fuel  vapor  and  oxidizer,  burning  is  initiated  by  discharge  of  a line  igniter, 
located  along  that  side  wall  from  which  the  trailing  edge  of  the  separator  withdraws.  The  ignition 
spawns  a triple-flame  propagation  across  the  25  cm  x 25  cm  centerplane  (Figure  2).  When  a 
diffusion  flame  is  emplaced  in  the  centerplane,  any  subsequent  travel,  and  change  in  temperature, 
of  that  planar  diffusion  flame  may  be  tracked,  along  with  the  effectively  spatially  uniform  but 
temporally  evolving  pressure  within  the  container.  Eventually,  nearly  complete  depletion  of  the 
stoichiometrically  deficient  reactant,  along  with  heat  loss  to  the  container  surfaces,  effects 
extinction. 

These  data  afford  an  opportunity  to  check  theoretical  models  of  diffusion  and  chemical  kinetics 
under  conditions  ranging  from  intense  burning  to  flame  out,  or,  alternatively,  to  evolve  simple 
empirical  representations  of  these  phenomena.  Thus,  the  project  sought  to  utilize  microgravity 
testing  to  elucidate  commonly  encountered  phenomenology,  arising  in  the  commonly-encountered 
mode  of  combustion  (whether  related  to  heating,  manufacturing,  boiling,  and  propulsion,  or  to 
uncontrolled,  free-burning  fire  in  structures  and  wildland  vegetation),  of  those  commonly  utilized 
fuels  usually  categorized  as  gaseous  fuels  (such  as  hydrogen,  natural  gas,  and  propane,  which  are 
gaseous  under  atmospheric  conditions). 
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PROJECT  HISTORY:  UNDERTAKING  THE  PRIMARY  CHALLENGE  OF  PLANAR- 
FLAME  EMPLACEMENT 

A flight-experiment  project  entitled  “Unsteady  Diffusion  Flames:  Ignition,  Travel,  and 
Burnout”  was  initiated,  as  one  of  the  combustion-science  tasks  of  the  NASA  Microgravity 
Science  Research  Program,  on  July  10,  1994  (project  acronym:  SUBCORE).  The  primary 
challenge  was  (and  remains)  the  initial  emplacement  of  a planar  diffusion  flame  between  the 
initially  segregated  and  quiescent  reactants.  A convincing  demonstration  entails  planar-flame 
emplacement  in  the  actual  experimental  apparatus.  Time  and  resources  expired  before  this  goal 
was  achieved;  in  fact,  funding  for  the  LeRC  portion  of  the  effort,  sustained  under  the  Space 
Station  Utilization  budget,  was  effectively  terminated  around  December  1996.  NASA  Contractor 
Report  1999-208686  documents  the  appreciable  progress  achieved  toward  the  goal  during  the 
nominal  four-year  period  of  performance  that  terminated  on  December  10,  1998. 

Presently,  a line  igniter  spark  spawns  a triple-flame  propagation.  Burning  starts  at  one  edge  of 
the  centerplane  before  burning  begins  at  the  opposite  edge.  Furthermore,  the  separator 
withdrawal  induces  a transient,  recirculatory  flow  that  enhances  purely  diffusive  transport. 
Although  these  effects  lead  to  initial  transients,  so  that  test  initiation  is  not  as  ideal  as  with 
uniform  ignition,  we  believe  the  transients  can  be  minimized  to  meet  the  project  challenge. 
However,  means  to  achieve  a more  uniform  ignition  across  the  centerplane  also  warrants  future 
exploration,  because  then  a planar  flame  should  form  and  persist,  as  has  been  demonstrated  by 
numerical  calculations. 

OTHER  EXPERIMENT  MODIFICATIONS 

In  light  of  (extremely  limited)  microgravity-testing  data,  of  approximate  modeling,  and  of  two- 
dimensional  unsteady  numerical  simulations,  we  find  that  a significant  amount  of  the  hydrogen  has 
reacted  in  2 seconds  for  the  scenario  with  contents  initially  at  atmospheric  pressure  and 
temperature,  effective  equivalence  ratio  of  0.2,  and  1 m/s  separator-withdrawal  speed. 
Accordingly,  we  have  begun  considering  several  modifications  of  the  initially  envisioned  scenario 
of  Figure  1 . 

One  such  modification  addresses  the  fast  depletion  rate  of  hydrogen  fuel.  The  temporal 
interval  for  data  collection  for  a diffusively  controlled  phenomena  is  characterized  by  the  ratio 
Lr  /k  where  L denotes  the  half  height  of  the  container  and  k is  a diffusion  coefficient  for  species 
or  heat.  Clearly,  both  increasing  the  height  of  the  apparatus  L and  decreasing  the  diffusion 
coefficient  k allow  more  diffusion-dominated  testing  time,  for  useful  data  collection  prior  to 
extinction.  However,  we  are  constrained  by  the  requirement  that  planar  symmetry  persists  only  if 
the  ratio  (Ap  j p nf  )gLi  / (kv  ),  where  p denotes  density,  v denotes  kinematic  viscosity,  and  g 

denotes  the  effective  buoyant  acceleration,  is  less  than  some  critical  value.  The  precise  critical 
value,  roughly  1 03,  is  rather  uncertain  for  the  scenario  of  Figure  1 ; the  nominal  choice  L = 4.5 
cm  is  conservative,  and  larger  values  may  be  accommodated.  Alternatively,  if  we  retain  the 
current  dimension  for  L but  address  circumstances  involving  a smaller  value  of  the  transport 
coefficient  k , we  gain  increased  testing  time,  hopefully  without  disrupting  the  planarity.  In  more 
physical  terms,  exploring  the  hydrogen/oxygen  diffusion  flame  affords  an  opportunity  to  examine 
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the  consequences  of  differing  diffusivities;  selecting  relatively  rapidly  diffusing  hydrogen  as  the 
stoichiometrically  deficient  reactant  results  in  a relatively  brief  testing  interval  (see  below). 
However,  examining  a diluted-methane/diluted-oxygendiffusion  flame,  while  affording  a less 
pronounced  opportunity  to  examine  the  consequences  for  combustion  of  differing  diffusivities  of 
the  fuel  and  oxidizer  species,  does  afford  an  opportunity  to  examine  processes  in  a longer- 
duration  test,  including  sooting.  In  this  case,  the  highest-temperature  soot  furnishes  an  accessible 
indicator  of  flame  position  and  temperature,  whereas  tracking  a hydrogen/  oxygen  diffusion  flame 
may  require  an  OH  sensor. 


In  Figure  1 we  consider  fuel-deficient  initial  conditions,  so  the  diffusion  flame  travels  toward 
the  end  wall  of  the  fuel-containing  half-volume.  This  increases  heat  loss  from  the  flame  to  the  end 
wall,  and  the  site  of  peak  gas  temperature  in  the  container  may  not  coincide  with  difftision-flame 
position,  at  later  times  in  a test.  However,  testing  with  an  initially  stoichiometrically  balanced 
presence  of  fuel  and  oxygen  allows  the  diffusion  flame  to  hover  near  the  centerplane  x = 0 until 
reactant  depletion  (not  heat  loss)  effects  extinction.  Then,  the  site  of  peak  temperature  continues 
to  coincide  closely  with  the  flame  position,  and  the  burning  persists  longer.  Though  unrelated  to 
the  original  objectives  of  SUBCORE,  one  can  envision  another  experiment  with  a hydrocarbon 
fuel  vapor  in  which  soot  might  be  subjected  (deliberately)  to  various  environments,  promoting 
either  surface  growth  or  oxidation.  In  an  initially-fuel-deficientscenario,  relatively  rapid  oxidation 
would  likely  befall  soot,  owing  to  flame  travel,  while  prolonged  growth  would  occur  in  an  initially 
excess-fuel  scenario. 


In  Figure  1 we  also  consider  effectively  isothermal  walls,  so  there  is  ready  heat  transfer  from 
the  gas  contents.  However,  since  the  exothermicity  derived  from  combustion  of  the  contents  of 
the  container  is  0(10  kJ)  or  less,  such  heat  transfer  is  deleterious  to  the  persistence  of  vigorous 
burning.  While  achieving  nearly  perfectly  adiabatic  walls  is  not  feasible  (if  it  were,  we  could 
dispense  with  the  large,  25  cm  x 25  cm  cross-section  of  the  container),  coating  the  walls  to  retard 
heat  transfer  significantly  seems  feasible.  Furthermore,  we  suggest  decreasing  the  initial  pressure, 
which  permits  a faster  speed  of  separator  withdrawal  for  more  uniform  initiation,  without 
increased  risk  of  flow  transition  (since  the  Reynolds  number  is  effectively  proportional  to  the 
product  of  the  pressure  and  the  flow  speed).  We  anticipate  that  a typical  value  of  the  pressure 
during  much  of  a test  might  be  3-4  times  the  initial  pressure.  Hence,  moderately  decreasing  the 
initial  pressure  to  about  one-quarter  of  an  atmosphere  neither  incurs  intrusion  of  atypical  kinetics 
into  a test  of  burning  under  nominally  atmospheric  conditions,  nor  compromises  the  vigor  of  the 
bum.  In  fact,  adopting  a reduced  initial  pressure  would  enhance  the  safety  factor  of  the 
apparatus.  Decreasing  the  initial  pressure  would  also  delay  the  onset  of  condensation  at  the  walls 

of  combustion-generated  water  vapor,  just  as  raising  the  wall  temperature  rather  modestly  to  330 
K or  340  K. 


We  shall  continue  to  pursue  opportunities  to  demonstrate  definitively  the  feasibility  of  the 
experiment. 
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Figure  1.  (a)  Helium-diluted  oxygen  and  argon-diluted  hydrogen  occupy  half-volumes  in  a squat 
container,  (b)  Removal  of  the  thin  impervious  separator  initiates  interpenetration  of  the  reactants, 
(c)  Ignition  within  the  narrow  layer  of  flammable  mixture  engenders  a planar  diffusion  flame,  (d) 
The  planar  diffusion  flame  travels  into  the  half-volume  of  the  deficient  reactant  (in  early 
conception,  the  fuel),  as  the  cold-wall-quench  layers  thicken  in  time. 


Figure  2.  A triple  flame  propagates  across  the  mid-height  plane  of  the  primary  chamber,  through 
the  stratified  mixture  formed  aft  of  the  trailing  edge  of  the  separator.  The  diffusion  flame 
engendered  by  the  triple  flame  remains  planar  in  microgravity.  The  separator  is  withdrawn  from 
the  primary  chamber  [by  translation  (at  approximately  uniform  speed)  in  its  own  plane]  through  a 
tightly  fitting  slit  in  a sidewall. 
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INTRODUCTION 

• ™!S.W°rk  1S  % Study  °J  a candle  flame  in  a microgravity  environment.  The  purpose  of  the  work 

e chta: (°;  - a study 

the  characteristics  of  the  steady  flame,  investigate  the  pre-extinction  flame  oscillations  observed  in  a 

previous  experiment  m more  detail,  and  finally,  determine  the  nature  of  the  intcracZ^cn 

two  closely  spaced  candle  flames.  The  candle  flame  in  microgravity  is  used  as  a mcS  of  a non 

propagating,  steady-state,  pure  diffusion  flame. 

The  present  work  is  a continuation  of  two  small-scale,  space-based  experiments  on  candle 

ftpTSH°nemn  ShUttlG  and  *e  0thCr  °n  *e  Mir  OS‘-  ^ Prev*ous  studies  showed  nearly 
steady  d!m  blue  flames  with  flame  lifetimes  as  high  as  45  minutes,  and  1 Hz  spontaneous  flame 

date.  S Pn°r  t0  eXtinCtl0n'  The  present  paPer  summarizes  the  results  of  the  modeling  efforts  to 

FLAME  MODEL 

The  numerical  model  of  the  candle  flame  is  two-dimensional  and  axisymmetric  in  the  gas  phase 

Native  loTs'  1' d"  T7  ' “ Ae  ^ PhaSe  by  C°"sidenn*  f'“  chemistryaml 
i j o ’ die  detai  ed  ^eat  and  mass  transfer  processes  occurring  in  the  porous  wick  are 

R^hich  SpeC.lflCaIly’ We  assume  that  the  fuel  evaporates  from  a small  porous  sphere  with  radius 
, hich  is  coated  with  a pure  liquid  fuel  at  its  boiling  temperature.  This  sphere  is  connected  to  an 

inert  cone  with  a prescribed  temperature  distribution.  The  cone  acts  as  a heat  sink  to  simulate  the 
ame  quenching  aspect  of  the  candle  wax.  Fig.  1 shows  the  configuration  of  the  sphere  and  cone 
he  mathematical  formulation  utilizes  a two-dimensional  spherical  coordinate  system  The  gas 
phase  model  assumes:  one-step,  second-order  overall  Arrhenius  reaction,  constant  specific  heats 
h°  rTff^  C°n  UCtivity’  constant  Lewis  number  for  each  species  (although  different  species  can 

nUmberSifea'  gas  behaviorand  b“°y™  force.  name  radiative 
and  results  can  be ^ In^eftTs"  * * *"*  *“  ^ “ °f  fo™alatio" 

COMPUTED  RESULTS 

nn  mf°del  predicts  that  1116  candle  ^ame  will  reach  steady  state  in  an  infinite  ambient  Die  inner 

^each0  TdY  ^ thC  °UtCr  P0rtl0n  takes  reladvely  longer 

estimates  ^/aor  ^m  h * ;eacl\stfady  state  ™ghly  scales  with  the  diffusion  time 
,ff  (^  %OT  /ID\  where  r 1S  radiaI  distance,  and  a and  D are  the  thermal  and  mass 
usion  coefficients  of  the  gas,  respectively.  The  gas  phase  at  r = 5 mm  (approximate  flame 

c^ta ke S Steadf  StatC  m SCVeral  seconds’  but  ^ far-field  temperature  and  oxygen  profiles 
can  take  tens  of  seconds  to  reach  convergence.  These  results  imply  that  it  is  possible  tolbse^ve  the 

approximate  shape  and  dimension  in  short-duration  microgravity  tests  for  flames  away  tom  Z 
extinction  limit.  It  is  not  possible,  however,  to  determine  the  extinction  hmit  in  short-Ztion 

tZflameV1  F teSt1S’  extinction  is  sensitive  to  the  changes  in  the  outer  part  of 

„ ' lg-  1 shows  the  contours  of  the  fuel  vapor  reaction  rate  (wF  = 0.2(10  3)  g/cm^s  for  a 

0.6  mm  radius  sphere  in  varying  oxygen  ambients.  The  contours  resemble  the  visible  flail  i„  L 
expenment  except  for  a slight  inward  hook  at  the  bottom.  Decreasing  the  oxygen  con'enZon 
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raises  the  name  base  relative  to  the  porous  sphere,  but  does  not  substantially  change  the  position  of 

^Decireastng  the  ambient  oxygen  concentration  eventually  leads  to  name  extinction  the  model 
predicts  that  the  limiting  oxygen  percentage  depends  on  the  diameter  P°r°“s  ^ erC  “ | 

rate  of  radiative  loss  (Fig.  2).  Radiative  losses  shrink  the  flammable  domain.  The  e 
boundary  with  radiation  flattens  out  at  large  sphere  diameters.  We  believe  based  on  related  drop  e 
»,rs  ,hat  this  extinction  boundary  will  curve  up  to  form  the  so-called  radiative  quenching 
Sch  as  the  p^rous  s^re  d,tuu=7r  increases  further,  while  the  boundary  without  radtation 

decreases  monotonically  with  increasing  sphere  size.  - 5 respectively 

In  the  comoutation  the  Lewis  numbers  for  oxygen  and  fuel  are  1.11  and  2.5,  respectively 

cmi^butionstendto  cancel  each  other  with  very  little  net  effect  on  the  flame.  The  flame  however 
is  very  sensitive  to  changes  in  the  oxygen  Lewis  number  (but  we  are  reasonably  sure  of  its  valued 
Fig.  3 shows  the  flammability  map  for  a 0.6  mm  radius  sphere  as  a function  of  ambient  oxyg 

m°Th^nutmerfc£d  model  alsc^predicts  the  near-limit  flame  oscillation.  The  computation  starts  with  a 
steady^ 7Z in af  = O^ambient.  If  we  lower  the  ambient  oxygen  by  a very  small  amount 
teady  flame  in  0 taneous  flame  oscillations  will  occur  with  a frequency  around .0.63 

Hz  (sle  Fig  4)  This  frequency  scales  with  rf  / DF  where  r,  is  the  flame  diameter  and  D,  is  the 
diffusion  coefficient  of  fuel  vapor.  The  oscillation,  once  started,  always  increases  in  amphtud 
^=1  occurs.  The  rate  of  growth  of  oscillation  depends  on  the  magnitude  or  the  rate 
of  the  ambient  oxygen  decrease.  If  this  magnitude  is  small,  the  amplification  rate  is  small,  but  more 
lmar^  cyc"s  occur  before  extinction.  Too  large  a decrease  may  result  in  flame  extinction 
without  osciflations  The  dependence  of  the  number  of  oscillation  cycles  on  the  rate  (o 
magnitude)  of  ambient  oxygen  decrease  appears  to  be  compatible  with  the  results  of  the  space 
experiments.  In  the  Shutde  experiment,  we  had  a smaller  candle  box  with  less open 
accelerated  the  oxygen  depletion  rate.  In  these  tests,  typically  only  5 to  6 cycles  of  near  limit 
oscillations  were  observed.  In  the  Mir  experiment,  a larger  and  more  open  candle  box  resulte  in 

^The  o^UlatiOT  numerical  model  are  consistent  with  existing  one-dimensional Lnear- 

li  Jt  fl^e  stability  models67.  Both  increasing  heat  loss  and  Lewis  number  (assumed  to  be  the 
same  for  fuel  and^ oxidizer)  promoted  flame  instability  in  these  models.  The  limited  ™menc 
ex^erimentsperformed  in  this  study  are  consistent  with  these  trends.  For  examp  e,  in  the  basic 
case  we  studied  here  (R  = 0.6  mm),  when  radiative  loss  is  neglected,  flame  oscillation  was  not 
found  On  the  other  hand,  the  oscillation  in  the  candle  flame  was  truly  two-dimensional  with  a 
complex  phase  lag  from  point  to  point  and  between  one  physical  variable  and  another.  Among  the 
iTe  v^ables  (T  YF,  Ya),  the  fuel  vapor  diffusion  appears  to  control  the  oscillation  frequency 
X Vision  of  K,  at  five  locations  with  the  same 

different  radial  distances  from  the  porous  sphere.  The  phase  angles  between  them  illustrate  the 
importance  of  fuel  diffusion  time.  This  is  in  contrast  to  the  oxygen  oscillations  at  the  same  points, 

which  are  almost  in  phase. 
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MODEL  WITH  REALISTIC  WICK  GEOMETRY 

We  have  recently  initiated  a numerical  analysis  using  a more  realistic  wick  and  candle  shape  as 
shown  in  Fig.  5.  In  this  particular  case,  the  wick  length  is  3.6  mm  and  diameter  is  1 .2  mm.  Again, 
die  liquid  fuel  coats  the  wick  and  the  candle  is  inert.  This  new  configuration  is  solved  with  a body- 
fitted  coordinate  using  the  associated  transformed  equations.  Fig.  5 is  the  computed  fuel  vapor 
reaction  rate  contours.  It  compares  reasonably  well  with  the  flame  shape  in  Fig.  1.  It  appears  that 
when  the  wick  is  short  (compared  with  the  flame  diameter),  the  porous  sphere/inert  cone  model  is 
able  to  capture  many  of  the  essential  features  of  the  candle  flames.  The  new  formulation,  however, 
will  enable  us  to  study  flames  with  longer  wicks  and  is  a more  realistic  geometry  when  the 
condensed  phase  heat  and  mass  transfer  is  added. 
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Fig.  1 . The  effect  of  ambient  oxygen 
mole  fraction  on  the  flame  shape. 


Fig.  2.  Extinction  boundary  as  a function  of 
ambient  oxygen  concentration  and  sphere  size. 
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Fig.  3 Flammability  map  as  a function  of 
ambient  oxygen  mole  fraction  and  Lewis 
number  (fuel  and  oxygen). 
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Fig.  4 Pre-extinction  traces  of  fuel  mass 
fraction  at  five  radial  points:  0 =80°  (from 
centerline).  Sphere  surface(pt.  9),  and  2.6 
mm(pt.  8),  5.2  mm  (pt.  3), 7.9  mm  (pt.  12) 
and  9.2  mm  (pt.  13)  from  the  center. 


Fig.  5 Fuel  vapor  reaction  rate  contours 
(in  unit:  mg/s  cm3)  for  a candle  with  realistic 
wick  shape.  = 0.254. 
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INTRODUCTION 

Counterflow  premixed  flames  play  a significant  role  in  the  modeling  of  laminar  flames  [1-9],  This  is  in  part 
motivated  by  the  fact  that  stretched  premixed  flames  simulate  local  flamelet  dynamics  within  turbulent 
prennxed  flames  [1,  10].  In  the  present  study,  the  modified  form  of  the  Navier-Stokes  equation  for  reactive 
helds  introduced  earlier  [11]  is  employed  to  investigate  the  hydrodynamic  of  spherical  flows  embedded 
within  counterflows.  The  geometry  of  premixed  flames  near  the  stagnation  point  is  also  determined  The 
predictions  are  in  favorable  agreement  with  the  experimental  observations  and  prior  numerical  studies. 


HYDRODYNAMICS  OF  SPHERICAL  FLOWS  NEAR  WITHIN  COUNTERFLOWS 

The  symmetric  forms  of  the  conservation  equations  for  energy,  species  concentrations  and  momentum  are 
expressed  as  [ 1 1 ] 

d0 

j+wc.ve  = amV20  + Aye«9l)  (j) 

^-+  wc  .V  y = Dm  V2y  - Aye**00  (2) 


-^-i+  wc  .V  vc  = vm  V2vc  - vc  A y ep(0 ' " (3) 

^ ® ^ X 11  3 m 1 ^ wiH  described  by  the  modified  Navier-Stokes  equations  for  reactive  flows  given  in 

Eq.(3)  containing  a reaction  term  [ 11 1.  In  the  conservation  equations  (l)-(3),  the  convective  velocity  w 
which  is  different  from  the  local  fluid  velocity  vc,  to  be  further  discussed  in  the  following,  and  hence  Eq  (3) 
is  linear  in  vc.  The  dimensionless  temperature,  mass  fraction,  Damkohler  number  A are  defined  as 

0 = (T  - Tu)/(Tb  - Tu)  , y = Yp/Tpu  , A s (vFWFBT)  e~  (4) 

Also,  the  dimensionless  coordinates,  time,  and  velocity  are 

z = z7(a/Diy2  , r = r'/(a/T)1/2  , t = lT  - w=rf/(ar)1/2  , v = vV(aT)1/2  (5) 

Whf^tr  ‘S  lrre  rate  ofrsVain  in  the  counterflow.  The  adiabatic  flame  temperature  Tb,  the  Zeldovich  number  6 
and  the  coethcient  of  thermal  expansion  X are  r 

Tb  = Tu  + (QY^/pvpWpepX  P = ECTb  : Tu)/RTb2,  X = (Tb  - Tu)/Tb  (6) 

ror  ultra-simplified  model  of  ideal  gas,  the  diffusivities  of  heat,  mass,  and  momentum  are  equal  or  = D = 
v such  that  0 y,  and  vc  fields  will  become  similar  under  identical  boundary  conditions  and  in  the  absence 
ot  reactions.  The  hydro-thermo-diffusive  structure  of  counterflow  premixed  flames  governed  by  Eqs  (1-3) 
has  been  discussed  in  a recent  investigation  [9],  1 ’ 

According  to  the  scale-invariant  model  of  statistical  mechanics  [11],  each  statistical  field  is  described  by 
three  mstinguishable  velocities  respectively  called  the  convective  or  system  velocity  w,  the  elemental  velocity 
v,  and  the  atomic  velocity  u.  For  example,  at  laminar  cluster-dynamic  LCD  scale,  the  convective  velocity  is 
wc  - ve  = <Ue>  = <vc>  that  is  the  mass-average  of  the  mean  cluster  velocity.  The  element  velocity  is  v = w 
- <Uc>  “ <vm>  that  is  the  mean  cluster  velocity.  Finally,  the  atomic  velocity  is  the  velocity  of  individual  * 

clusters  Uc  = v^,  = <unf>,  that  is  same  as  the  mean  molecular  velocity  v„,.  The  convective  velocity  w is  not 
locally-defined , since  its  value  at  any  position  depends  on  the  value  of  vcat  other  locations  remote  from  this 
position,.  Since  w is  not  locally-defined,  it  cannot  occur  in  the  differential  form  within  the  equations  ( l)-(3). 

1 his  is  because  one  cannot  differentiate  a function  that  is  not  locally,  i.e.  differentially,  defined. 

In  view  of  the  above  discussions,  at  any  given  scale  (n),  the  convective  velocity  must  be  determined  from 
the  solution  of  equation  of  motion  at  the  next  larger  scale  (n+1).  For  example,  for  the  treatment  of  cluster- 
dynamic  field  described  by  Eq.(3),  the  convective  velocity  wc  = ve  must  be  obtained  from  the  solution  of  the 
momentum  conservation  equation  at  laminar  eddy- dynamic  LED  scale  given  as  [11] 
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^Il+We.VVe  = Vc  V2  Ve  -VeQe 

Now  the  velocities  (we  = <ve>,ve  = <vc>)  are  receptively  the  convective  and  the  local  velocity  at  LED  scale. 
We  will  not  be  concerned  with  the  reaction  (dissipation)  term  Qe  in  Eq.(7).  One  notes  however,  that  in  order 
to  solve  Eq.(7)  for  the  local  velocity  ve,  one  requires  the  knowledge  of  yet  another  velocity  we,  which  is 
unknown.  This  unending  chain  continues  to  larger  scales  and  constitutes  the  closure  problem  of  the  statistical 

theory  of  turbulence  introduced  earlier  [1 1].  , r.  n .. 

In  order  to  achieve  closure,  we  shall  assume  that  the  convective  velocity  at  the  scale  of  laminar  fluid- 
element  dynamics  LFD  is  given  as  w'e  = v'f  = <v'e>=  - 2 Tez' . where  Te  is  the  counterflow  velocity  gradient 
Near  the  stagnation  point  (at  the  LFD  scale),  Eq.(7)  under  steady  condition  and  in  the  absence  of  reactions 
Qe=  0,  simplifies  to  the  one-dimensional  form 

2z^dve  + d2ve  _ Q t zes  z7(vc/Te)1/2  , vc=  Mc/pc=  ^cvc/3  (8) 

6 d?e  dz2  , . _ 1/2 

subject  to  the  boundary  conditions  for  symmetric  counterflow  (v  e)-oo  — -(v’e)^  (vcTe)1  z 

v _ v<  /v'  - -1  (9a) 

Ze  — «>  ve-  v e/v  eoo  - 1 

Ze  — »-oo  ve=  v'e/v’eoo  = 1 

with  the  solution 

V,  = Wr  = - erf  zP  . . , , r v ; 

that  is  schematically  shown  in  Fig- 1 . If  one  now  expands  the  solution  (10)  in  the  neighborhood  of  the 

stagnation  plane  Ze~  0 (but  now  at  the  LED  scale),  one  obtains  the  linear  velocity  profile 

ve  = wc  1 wc/vrevc  « - (2/iffi)  ze  = - 2 yre/(Jtvc)  z (if) 

that  simplifies  to 

w'c  = -2rcz'  or  wc  = -2zc  zc  = z,/(vm/rc)1/2  vm=  Mm/Pm=  ^mvnV3^  02) 

and  rc  = revre  Thus,  the  expression  for  w'c  = - 2rcz'  assumes  the  same  form  as  that  for  we  — - 2TeZ 
discussed  above.  Hence,  a fractal  type  of  solution  is  encountered  such  that  as  one  approaches  the  origin,  one 
obtains  a cascade  of  self-similar  boundary  layer  solutions  that  are  embedded  within  each  other  at  increasingly 
smaller  scales.  As  shown  in  Fig.  1,  the  inner  error-function  solution  within  the  boundary  layer  results  in 
displacement  of  the  outer  error-function  solution.  This  behavior  has  in  fact  been  established  by  exact 
numerical  solution  of  the  viscous  equations  for  finite-jet  counterflows.  The  desired  components  ot  the 
convective  velocity  at  LCD  scale  (w'cz  , w'cr)  that  satisfy  the  continuity  equation  are  given  by 

w’cz  = - 2rcz'  , w'cr  = rcr'  (,3> 

where  r’ is  the  radial  coordinate. 

The  classical  solution  of  Hill  describes  the  spherical  flow  produced  by  a single  toroidal  vortex  in  a 
droplet  that  is  situated  in  a uniform  flow  [12].  Following  the  classical  solution  of  Hill,  a stream  function  was 
recently  postulated  to  describe  spherical  flows  produced  by  two  toroidal  vortices  generated  in  a droplet  that  is 
located  at  the  stagnation-point  of  a symmetric  counterflow  [13,  14] 

4*  = -r2z(l -r2-z2)  (14) 

ip  = ipy(v,  3/Tr  )H2  results  in  the  streamlines  shown  in  Fig.2.  It  was  also  shown  that  the  above  stream 
function  can  lead  into  a cascade  of  concentric  spherical  flows  schematically  shown  in  Fig.3.  I he  components 
of  the  axial  and  the  radial  velocity  are 


= - 2z(l-2r2  -z2) 


vr  = r ( 1 


that  result  in  the  azimuthal  component  of  dimensionless  vorticity  (De  = (o'eITc  given  by 

co  = - 14  r z vl«) 

It  is  now  shown  that  the  postulated  stream  function  in  (14)  that  leads  to  the  vorticity  (16)  is  in  fact  a 
steady  solution  of  the  viscous  vorticity  equation  deduced  from  the  modified  Navier-Stokes  equation  (3)  in 
the  absence  of  reactions.  The  modified  Helmholtz  vorticity  equation  corresponding  to  the  modified  Navier- 
Stokes  equation  is  given  as 

^.+  wc  .V  ale  = vm  V2  cue  - coeQg  (17) 

One  notes  that  vorticity  relates  to  the  curl  of  the  local  velocity  co’c  = Vx  v'cand  not  that  of  the  convective 
velocity  w'c.  For  the  convective  velocity  field,  we  consider  the  inverse  counterflow 

where^ the” signs  of  velocities  are  just  the  opposite  of  those  of  the  conventional  counterflow  given  in  Eq.(13). 
In  inverse  counterflows,  the  fluid  flows  radially  inward,  along  the  equatorial  accretion  disc  and  is  ejected 
axially  as  two  axisymmetric  polar  jets  (Fig.2).  It  is  noted  that  the  sign  of  the  vortex-stretching  term  in 
Ha  (17)  is  opposite  of  that  of  the  classical  Helmholtz  vorticity  equation  [12].  The  reason  for  this  is  that  the 
convective  velocity  w appearing  in  Eq.(17)  has  the  opposite  sign  from  that  of  the  local  velocity  v appearing 
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in  the  classical  Helmholtz  vorticity  equation.  Therefore,  while  the  radially-outward  local  flow  vr  would  tend 
to  stretch  the  vortex,  the  radially-inward  convective  velocity  wr  = - r will  tend  to  compress  the  vortex.  Thus, 
radial  diffusion  of  vorticity  is  prevented  by  the  radially-inward  convection,  leading  to  a stable  double-vortex 
spherical  flow  shown  in  Fig.2  . 

For  a steady  problem,  and  in  the  absence  of  "reactions"  Qe  = 0,  Eq.(17)  simplifies  to 


wc 


d<oe 


+ Wc 


done 


= v„ 


d2u)e  d n,^\  d2u>e 


dr2  dr  1 r ’ dz2 


. o>eWcr 

r 


(19) 


dr  dz  t j 

It  is  easy  to  verify  that  co0  in  (16)  with  the  velocity  w in  (18)  indeed  satisfies  the  modified  viscous  vorticity 

equation  (19).  In  the  vicinity  of  the  stagnation  point  r = z » 0 (now  at  the  scale  of  LCD),  the  velocity 
components  (15)  simplify  as 

vz  ~ - 2z  near  r = z ~ 0 (20a) 

vr  ~ r near  r = z = 0 (20b) 

that  can  be  directly  compared  with  the  outer  convective  velocity  w in  (18).  It  is  now  clear  that  the  convective 
velocity  w in  (18)  may  be  considered  as  the  local  velocity  nearr  = z = 0 (but  at  LED  scale)  deduced  from  the 
linearization  of  the  velocity  field  of  the  next  larger  concentric  spherical  flow  (see  Fig.3)  given  as 

wcZ  = 2z(l  - 2r2  - z2)  (21a) 

. wcr  =-  r ( 1 -r2-3z2)  (21b) 

It  is  important  to  point  out  that  the  original  outer  spherical  flow  (21)  is  rotational  with  the  azimuthal 
component  of  vorticity 

Qg  = Vx  wc=  14  r z = - co9  (22) 

that  has  opposite  sign  of  the  vorticity  within  the  inner  sphere  given  in  (16).  However,  when  the  outer  flow  in 
(-1)  is  linearized  near  the  stagnation  point  to  obtain  the  local  counterflow  given  by  (18),  one  loses  the  flow 
vorticity  in  (22).  In  other  words,  the  counterflow  velocity  field  in  (18)  is  irrotational,  while  the  spherical  flow 
in  (21)  is  rotational.  The  stream  function  (14)  is  of  fundamental  significance  since  it  allows  an  island  of 
flow  with  vorticity  to0  to  exist  within  the  large-scale  counterflow  which  itself  is  vorticity  free. 


PREMIXED  FLAME  GEOMETRY  NEAR  THE  STAGNATION-POINT  OF  A COUNTERFLOW 

Given  the  convective  counterflow  velocity  (13),  the  geometry  of  premixed  flames  stabilized  in  the 
vicinity  ol  the  stagnation-point  can  be  determined  from  the  solution  of  the  equation  governing  the  flame- 
front  geometry  [15]  6 


+ wc , VG  = vf  |VG| 

at  1 1 


(23) 


The  flame  surface  G(r,  z,  t)  is  expressed  as 

G = r - g(z,  t)  ^24) 

where  G = G'/(a/r)1/2,  g = g'/(a/r)1/2,and  Vf  = v'f /(aT)1/2,  where  v'f  is  the  laminar  flame  propagation 
velocity.  The  unit  vector  normal  to  the  flame  surface  and  the  convective  velocity  are 

n = VG/  |vq  = (r  - gzz )/V  ( 1 + g2)  and  w = rr-2zz  (25) 

For  steady  flame  configurations,  by  substitutions  from  (25)  in  (23),  one  obtains 

g2z  (4z2  - v2f)  + 4 rz  gz  + r2  - v2f  = 0 (26) 

The  above  equation  can  be  integrated  directly,  and  the  results  when  substituted  in  Eq.(24)  gives  the  steady 
flame  surface  J 


G (r,  z)  = r + i-  In  [4z2  - B^]  4-  B Arctg 
4 V4  (x2  -B2) 


4z 

V4  (X2  - B2) 


’ 4 


V(x2  ( 1 - 2Bt'  + x2t'2+  x2t'  + B 


[V(x2  ( 1 + 2Bt"  + x2t,,2+  X2t"  - bJ 


(27) 


(28) 


containing  three  parameters  defined  as 

t’=l/(2z-B)  , t"  = l/(2z  + B)  , B = v'f  /(aT)l/2 

The  level  surfaces  of  the  above  function  with  v'f=  2 cm2/s,T  = 200  s -1,  and  a = 1 cm2/s  are  shown  in  Fig.4 

The  calculated  flame  geometry  agree  with  the  observations  of  near  extinction  flames  [7]  and  are  in 
accordance  with  prior  studies  based  on  exact  numerical  solutions  [16,  17].  The  small  flow  recirculation  zone 
near  the  stagnation  point  (Fig.4)  is  associated  with  the  embedded  local  spherical  flows  discussed  above.  The 
influences  of  the  three  important  parameters,  namely  v'f,  T,  and  v require  further  examination. 
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Fig.l  Counter  flow  velocity  field  with  boundary  layer. 


Fig.2  Spherical  flow  within  an  inverse  counterflow. 


Fig.3  Cascade  of  concentric  spherical  flows. 


Fig.4  Premixed  flame-geometry  from  Eq.(27). 
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INTRODUCTION  interest  in  fire  safety  and  many  »dus ^trial  pmees ses^The 

counter^^^^F^^^^P^'^^^g^g^coitc^mte^on^h^Wgh^volntnly.J^^^l^1^ 

strueture  of  ditto™  “Led  instabilities  will  *SW^0]°Sy  conditions  have  begun  to 

SSTlUl.  °*  rWetynTwln^^  has  shown  the  coning  ^en^hase 
explore  the  low  strata  J^diation  [5,6).  For  these  physical 

reaction  rates,  soot  reaction  rates .and^  tQ  keep  dre  flame  "na*C'“  f^m  the  reaction 

Kms  and  shows  ,he 

counter-flow  diffusion  am  plane  for  strarn  rates  ,sma  ” f propane  air  diffusion 

describe  the  S a non  reacting  flow.  Vf° ‘^fe  lime  Flame  geometry 

experiments  ^ conducted  w.  rf  , d,ffus,0n  flame  m tins  regrm 

anrTpulsmion^requency  are  described. 

EXPERIMENT  S Study  was  conducted 

:^i«-di^of^ 

of  W < 3 ™bVheC Ten^  chX  is  used  as  ** £ "iw  of  an  inert  gas  (i  e. 

external  chamber.  1 oxidizer  with  a concu  creating  a pressure 

rXXoudetfhceactsasanowrecufierbycrea 

drop  as  gases  exit. 


ERIMENTAL  FLAME:  FLOW  AND 

zzsz  ztS\P' t * bumer  «■»•  tw„ 

controlled  fal  ,'"  regulate  «*  «»*  of  Nitrogen  gas  ™d  tw°  “ass  flow 

software,  used  ^ 

laser  light  !hee7  This  ,d'0d7a,,ser  <67°-<»0  »)  was  used^ZhT  by  0me8a- 

burner  system.  A monnT  ^ Sheet  W3S  USed  to  dually  observe  Sfl>Pna!f  °PtlCS  t0  create  a 
fo  685  nmt  wac  on°chrome  digital  camera  (COHU  nvr  ^ 6 °W  cbaracteristics  of  the 

capture  images  directlv  anrt  ♦ 8 °ftware  P^kage  by  EPIX  XCAP  the  seedmg  particle, 
capture  up  £ 60  ££  T “ 3 7? 

section.  eC°nd'  Tte  usa8c  of  al,  hardware  wil,  be  disc„™ZnZ 

NON-REACTING  flow 

was  only  With  the  Laser  shect  was  used  to  visualize  the  fl 

remained  unseeded  T^t§  burner  at  a time,  and  only  through  th*  • A flow-  Jncense 

superposed  ^TLiS  C°nduCted  *««■>«  both  buZs  tt  T Z'  ^ c°-fl»w 

duration  of  ,.25  tZlZZ  ZedZ  ?-T"  ” 

processing  software.  A.  each  stra  nZe  fn  Z ?ages  were  P-wesL  using  Zfp  Z “ 
were  captured  when  the  tnn  n te’  1 50  dlgltal  images  were  canh.^H  c 8 ACAP  lmage 

of  255  refers  fo  the  e l ra°"ochrome.  a threshold  of  0 refers  to  Z 7 aJertain  “onochrome 
critical  thtlld  fo  r°r  7"e  A"  «■»  threshold  vX7  7*7  “d  a threshold 
below  this  threshold  wasZ to  Sn'ZZ"®  '™S  Chosen  to  be  UsZTZZ gray'  The 
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INTRODUCTION 

Many  thermoplastic  materials  in  common  use  for  a wide  range  of  applications,  including 
spacecraft,  develop  bubbles  internally  as  they  bum  due  to  chemical  reactions  taking  place  within  the 
bulk.  These  bubbles  grow  and  migrate  until  they  burst  at  the  surface,  forceably  ejecting  volatile  gases 
and,  occasionally,  molten  fuel.  In  experiments  in  normal  gravity,  Kashiwagi  and  Ohlemiller[l] 
observed  vapor  jets  extending  a few  centimeters  from  the  surface  of  a radiatively  heated 
polymethylmethacrylate  (PMMA)  sample,  with  some  molten  material  ejected  into  the  gas  phase. 
These  physical  phenomena  complicated  the  combustion  process  considerably.  In  addition  to  the  non- 
steady release  of  volatiles,  the  depth  of  the  surface  layer  affected  by  oxygen  was  increased,  attributed 
to  the  roughening  of  the  surface  by  bursting  events.  The  ejection  of  burning  droplets  in  random 
directions  presents  a potential  fire  hazard  unique  to  microgravity.  In  microgravity  combustion 
experiments  on  nylon  Velcro  fasteners' [2]  and  on  polyethylene  wire  insulation[3],  the  presence  of 
bursting  fuel  vapor  bubbles  was  associated  with  the  ejection  of  small  particles  of  molten  fuel  as  well 
as  pulsations  of  the  flame.  For  the  nylon  fasteners,  particle  velocities  were  higher  than  30  cm/sec.  The 
droplets  burned  robustly  until  all  fuel  was  consumed,  demonstrating  the  potential  for  the  spread  of 
fire  in  random  directions  over  an  extended  distance. 

The  sequence  of  events  for  a bursting  bubble  has  been  photographed  by  Newitt  et  al.[4].  As  the 
bubble  reaches  the  fluid  surface,  the  outer  surface  forms  a dome  while  the  internal  bubble  pressure 
maintains  a depression  at  the  inner  interface.  Liquid  drains  from  the  dome  until  it  breaks  into  a cloud 
of  droplets  on  the  order  of  a few  microns  in  size.  The  bubble  gases  are  released  rapidly,  generating 
vortices  in  the  quiescent  surroundings  and  transporting  the  tiny  droplets.  The  depression  left  by  the 
escaping  gases  collapses  into  a central  jet,  which  rises  with  a high  velocity  and  may  break  up, 
releasing  one  or  more  relatively  large  drops  (on  the  order  of  a millimeter  in  these  experiments). 

A better  understanding  of  bubble  development  and  bursting  processes,  the  effects  of  bursting 
behavior  on  burning  rate  of  the  bulk  material,  and  the  circumstances  under  which  large  droplets  are 
expelled,  as  well  as  their  trajectories,  sizes,  and  burning  rates,  is  sought  through  computer  modeling 
compared  with  experiment. 

EXPERIMENTAL  EVIDENCE 

The  combustion  behavior  of  three  types  of  thermoplastic  spheres  in  microgravity,  PMMA, 
polypropylene  (PP),  and  polystyrene  (PS),  have  been  recently  studied  by  Yang  and  Hamins[5]  in  a 
set  of  experiments  flown  on  the  NASA  Lewis  DC-9  Reduced-Gravity  Aircraft.  Figure  1 shows 
sequences  from  two  events  recorded  during  these  experiments.  In  each  case  there  is  a sudden 
disturbance  to  the  flame  front,  not  noticeable  in  the  previous  frame.  This  disturbance  decays  slowly 
over  the  next  few  timeframes  and  is  advected  in  the  direction  of  a spherically 


1 Certain  trade  names  and  company  products  are  mentioned  in  the  text  in  order  specify  adequately  the  equipment 
used.  In  no  case  does  such  identification  imply  recommendation  or  endorsement  by  the  National  Institute  of  Standards  and 
Technology,  nor  does  it  imply  that  the  products  are  necessarily  the  best  available  for  the  purpose. 
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rigure  1 : Images  from  combustion  of  a PMMA 

sphere  in  microgravity.  On  the  left  is  a sequence  of 
frames  showing  a developing  flamelet  in  side  view.  In 
the  previous  frame,  the  lower  surface  of  the  flame 
front  was  undisturbed.  On  the  right  is  a sequence 
showing  a developing  flamelet  emitted  toward  the 
camera. 
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Figure  2:  Trajectory  of  a particle  emitted  from  a PP  sphere. 

asymmetric  flow  due  to  g-jitter.  The  structures  displayed  in  these  two  sequences  are  similar  to  those 
of  vortex-flame  front  interactions  such  as  those  reported  by  Roberts  and  Driscoll[6],  Events  of  this 
nature  take  place  frequently  during  combustion  for  all  three  types  of  thermoplastics. 

The  ejection  of  a particle  is  displayed  in  Figure  2.  Unlike  the  gaseous  events  shown  in  Figure  1, 
these  events  do  not  significantly  distort  the  flame  front,  and  the  burning  droplet  travels  in  a straight 
line  away  from  the  sphere.  Regrettably,  the  flame  front  surrounding  the  droplet  is  highly  luminous, 
and  droplet  size  could  not  be  measured.  Ejected  particles  were  observed  for  PP  but  not  for  PMMA 
or  PS,  suggesting  a dependence  of  droplet  release  on  material  properties. 

MODELING 

The  bubble  bursting  process  involves  large  interface  deformations  and  topological  changes.  A 
model  of  this  phenomenon  must  track  the  distortion  of  the  fluid  surface  as  the  bubble  approaches,  the 
evolving  distribution  of  the  volatile  gases  released  by  the  burst,  the  formation  of  a central  jet  of 
melted  material,  the  potential  breakup  of  the  jet  into  one  or  more  droplets,  and  the  trajectory  of  these 
droplets  away  from  the  melt  surface.  In  addition,  the  combusting  thermoplastic  problem  must  include 
heat  transport  and  degradation  chemistry. 

In  order  to  satisfy  these  requirements,  the  bubble  bursting  model  applies  a diffuse-interface 
approach  based  on  extended  irreversible  thermodynamics[7].  This  approach  adds  density  gradients 
to  the  set  of  thermodynamic  variables,  allowing  continuous  variation  of  density  between  phases  and 
providing  the  ability  to  follow  complex  motions  of  an  interface  without  the  need  to  explicitly  track 
its  location.  The  fluids  treated  by  this  model  may  be  compressible,  multiphase,  and  multicomponent. 
Balance  equations  of  mass,  momentum,  and  energy  are  rigorously  satisfied,  and  the  entropy  of  a 
material  element  of  fluid  increases  or  stays  the  same,  as  required  by  the  second  law  of  thermodynam- 
ics. 

The  model  consists  of  three  separate  fluid  components  representing  the  polymer  melt,  a gas  that 
is  generated  by  chemical  degradation  of  the  polymer,  and  an  unrelated  gas  outside  of  the  melt.  The 
effects  of  the  growing  bubble  on  the  temperature  and  flow  of  its  surroundings  are  included.  Using  this 
model,  one  or  more  bubbles  are  studied  as  they  grow,  travel  toward  a heated  surface,  and  burst 
through  the  interface  into  the  gaseous  component.  The  formation  of  a jet  is  observed,  and  the 
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conditions  under  which  the  jet  breaks  up  and  melted  material  is  released  into  the  surroundings  are 
determined.  For  those  cases  in  which  droplets  are  ejected,  their  size  and  velocity  are  determined. 

FUTURE  WORK 

A three-dimensional  model  of  a combusting  thermoplastic  sphere  in  microgravity,  mcludmg  heat 
transport  and  the  nucleation,  growth,  and  migration  of  multiple  bubbles  is  under  development^]. 
Data  obtained  from  the  bursting  bubble  model  on  the  release  of  gases  and  molten  material  for  various 
types  of  thermoplastics  will  be  added  to  this  model. 
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INTRODUCTION  commonly  found  in  practiGnl  combu^ion^y^^^  systems,  fuel 

Enclosed  diffusion  flam^s  combustor,  and  jet  engine  after  this  flame  is 

power-plant  combustor,  ga  ,•„  or  cross-flowing  air  s r se  the  flame  to  lift  off  or 

Reeled  into  a duct  with unless  adverse  c^se  *e ^ ^ ^ rf ,he 

anchored  at  the  bonier  ^ ( Jj  study  the  lift  off, . «■  ^ativeiy  few  studies  have 

blow  out.  Investigations  erf  b * of  name  stability  (1  W d with  the  number  of 

flame.  There  have  bee  ith  ^ oxidizer  co-flow  l ]■  nd  ,he  fuel  jet  can 

investigated  the  Stability  of  t'™.on  flames  5,9-141-  ^ “r"°diffus,0n  flame.  In  normal 

studies  on  (nearly)  ree  reattachment  and  blow  out  0 often  complicated  by  t e 

significantly  alter  the  lift  ofl,  reau  on  flame  stability  at to  . flames  can 

gravity,  however,  the  effects  of  *e  an  of  normal-gravity  and  ™Krog^  ^ 

presence  of  buoyant  eonv^om  A of  feced  ^ buoyant  flows  o Mowing  URL  site 

, , mirroeravity  testing  within  the 
EXPERIMENT  ripsianed  and  built  to  accommodate  S ^ conduct  a variety  of 

The  ELF  hardware  w^de  g d which  has  b^\  the  Russian  space 

Middeck  Glovebox  (MG™^Centsyon  several  Space 

small  and  inexpensive  exp  an^. 

station  Mir , is  described  atp  S^ed^he^  f t a miniature,  fan-driven  wind 

size,  the  experiment  hardware*  main  door.  The  ELF  module ^ A i.  5 -mm  diameter 

the  180x220-mm  dimension  The  module  is  3 3 Ox  nominally  a 76-mm 

tunnel,  equipped  with ^^^l^fEj^axis.  The  cross  ***«  about  0.2  to  0.9** 

nozzle  is  located  on  the  ducts  velocity  can  be  vane,  { poW  is  established 

square  with  rounded ^££Z***  the  set  to  a nozzle  exit 

by  a^ixe^  flame^s^g^f^d^ith  ^^Von 

. 

duet.  The  fuel  flow, fa"  ™ ^wing  and  video  recording.  ^ g,ovebox.  Each  bottle  is 

the  module  front  tor  ope  limit  the  amount  of  lue  methane  and  nitrogen. 

the  fuel’s  Schmidt  number  is  anom  • 9- 
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lift  off  o„  the  free.jet  snjdy 

typically  conducted"  whe're  ^ f "1C  flow  ^ air  velocity  A 

velocity  at  lift  off,  reattachment  ???  ,S  he,d  flxed  and  the  othw SUCh’  ^ ELF  tests  ^ 
the  flame  lifts  off,  is  decreased  ’ ^ b °W  °Ut'  Generally,  the  selected15  t0  determine  the 

lifts  off  and  blows  out.  Both  v i - U reattaches  to  the  nozzle  and  th  d VC  °Clty  Is  increased  until 
mounted  outside  of  the  £Joveb°Clt%^e  controJJed  manually  by  potent*8  mcreased  a£am  until  it 

dependent  on  the  operlr8  r*X;.Therefore’  lhe  rate  of  cW^r  °n  a box 

limits.  Additional  tests  were  ^ ramp"  rale  can  have  a strom/effe « ,Vclocitles  is  directly 

rake,  but  those  temperatuT * “"dUC'ed  where  attached  fl™“*were  °n  T meas“red  ability 

rhemicrogravirsrwr:nTucn,oedrepor in  ,ws  wi,h  the  ,ransia*™* 

concentration  was  21  56  'T  l01,3±a4  kpa  (14  7 ± ^6^  °f*e  Slde  doors  and 

- were  conducted  in 

results  and  dbcuss, on  S,a) 

gravn™  »nd^.“^Sj^*d  ™ps  »f  the  flame  stability  under  micro„ra 

biow  - 

jump  of  the  flame  base  is  not  obv—  class,cal  definition  of  the  liftoff*1'!!-  baSed  °"  visua' 
numerical  simulation  results  The  US,  “ ,he  ELF  (experiment)  v”L°f ' '"°n  8S  “ ab™p. 

sJ.8^sS^nS,hh“7  ^ 

The  stability  maps  Fie  l r mtmmum  air^ velocity  on  the  order 

m required  for  ,m- 

-der  of  ,0  mm  "tat  "“™al  ^vity  ,n  ^ °n  ^ 

expected  that  the  buoyant  comriht’  hUler  ,n  normal  gravity  or  mirT  fl  Were  on  the 
on  the  order  of  0 35  Z*  a ntr’butlon  to  the  axial  velocity  Cm  gravity-  As  such,  it  is 

Tbe  dam  suggest  ftatt;  ^ ^ W°U,d  «* 

be  required  to  induce  lift  „ff;„  eloc,1>'-  an  increase  in  air  vrlt  ? me,hod  of  [1 6j. 

ibe  increase  in  air  velocity  reouire'd^fT7  (c“mPared  to  normal  gravfty)  As  °f  ° ' 5 ^ 

Increase  required  to  induce  lift  off  nea  ? '°W  °Ut  in  microgravitTwas  „?  i01™  °”  Rg'  '• 

fiiel  flow,  except  at  low  fuel  flm  ’ u ve,0city  increase  was  also  rrlL  , y equaI  to  the 
'he  buoyancy-induced  velocity  “1  1 ksXr  incT^s  were  required  ^ ,ndePendent  of  the 

Prom  the  stability  maps,  i,  can  “Slfhl T°  ^ Sma1' flame  ' “"di'ions, 

at  there  is  an  intermediate  "most  stable”  fuel  vCocity 
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f Experimye„m™r*  re'a^  Stabi"*  °f  ««  address  the 

for  velocities  between  0 7 Lri  a * gas  burner  explored  the  issn^Q  r o blow-off  limits  [5], 

velocity  and  a lower  limit  for  the^r'^™0  et  ah  showed  an  upper  limit  h°W  Structure 
xidizer  flow  is  made  A studv  r h lnjectl0n  velocity.  No  mention  r °r  the  free  stream 
explored  by  Hirano  et  a?  The^  ^ ^ ^ et  a,‘  f7]  extended  ^ hmit  for 

is  shinc^TnmosJt 

and  observed  that  the  fla  seri«  of  quiescent  flame  s , *,ab] le,n8ronnd  based  facilities 

conditions.  The  preSen«  Jo  f ^ rate  decreases  ^with  thermally  thick  PMhM 

conditions  for  free  strea  r at  thesse.s  the  stability  of  a diffl  • ne^er  reaching  steady  state 
experiments  tan  ^ -*««W 

expenme„,a,io„se,s,heUSs“rd 'exP,MMA  “d  lha 

«ROUND  EXPERIMENT  TeXUS‘6  S0U"di"«  -he,  experimen,EX  enS,Ve  gro“d 

A PMMA  plate  (50  mm  x 50  mm  x 1 0 mm)  ■ 

mounted  on  a stainless  steel  plate  which  is 
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raVITY'EXPERIMENTAL  results  leading  to  MINI.TEXUS., 
laminar  DIFFUSION  FLAMES  IN  Ml«^pj.„lal„im<l,.LTotm 

Different  mixtures  of  02  ana 

M2  are  supplied  by  a c°^°  yWQ  qqd  cameras  r ideo™Sm^dlTn.oVt  top  surface  of 

homogeneous  laminar  flow.  of  5 type.K  thermocouples m of  ^ plate.  All 

Temperatures  are  recorde  eL0couples  placed  vertically  at  the  8.  of  SJ,mmetry.  The 

the  PMMA  plate  and 1 * * and  their  tip  is  ' * Pthe  trailing  edge  of  the 

— ot  lhe  samp,e 

diagnostic  techniques  use 
presented  in  Figure 


fcxtmcuun Infra-Red  lamt 

T’able  1 - Diagnostic  TechmqueT 


Fieure  1 - Schematic  of  the  Mmi- 

Texus  6 experimental  hardware 

9 The  oxygen 

EXPERlMENTALRESlJLTpntal  conditions  studied  are  presented  in  Figure  ^ pigure  1, 
Th£  varied  as  velocity  and  oxygen 

ST Se«tes  can  he  observed  and  depend 


~0,™s,0NFra 

‘oncentratinn  r 


° 02  , 

F . forced  flow  vel^t^  (Yo2=40%^ mm2^  ^ ci'^erent 

the  fijel  surface  can  ofl ^heat  Redback  from  the  flame  lo 

f is  the  hea,  feedback  per  " “La  > 8 - -*T,  - 

Tp  ihe — — t r 

anH  « ge  flame  temperature  for  the  different  •'  Th  thermoc°uple  tree  allowed  to 

iumtnositj^threshoid  to  determine  a fla™ bo „ ^ *>»  wordings  and  estaSin^ 

" ' " “-•" ~ - ■ • ■ - ■— SS'JSS-  - — 
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i*  n 


-fjTTTT 


Z±**Ta~' 


‘.A  - 


n.  .i—> «•*•  tXSZS5-£  CS  ,T 

i’ssrJfa.ti  “-,  rr  rsr - 

x/LP>0.2  the  stand-off  d, stance  n ’ ^"“"easeof  the  fuel  masg  transfer  (U- 
proportionality  with  the  flow  ,s  related  to  ^ comsponds  t0  the  zone 

- 

>*»  “ t et  m"ox,d:«,onto  occur, 

for  the  flow  ^mthm“,l°side  dose  to  the 
C'lrCI^t.raii.n.ed.eo^ 

*‘i  _ f,T  the  Stand-off  distance  decreases  as  the  fuel 

•i  - •■  •■  '"••"  7 " ■•  " [“  consumed.  This  observation  corresponds  well 

Figure  4 - Non-dimensional  sland-off  d, stance  ^ ^ concept  of  excess  pyrolyzatel4], 

rs  * "s, 

to^^fprtd  experiments.  Min, -Texas  6 Expenmen,  provide 
these  conclusions. 
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TechnicM^Momtor^  Karen  W^iland^ 


INTRODUCTION  m„,„  transport  phenomena  with  detailed  chemical 

ss- 

(A!A,  denoted  CH*),  and  «c^^,Hn(u^ber  densities 

eravity.  Two-dimensional  CH  and  UH  n NASA  KC_1M  reduced-gravity  aircratn 

BURNER  CONFIGURATION  1 f 1 jet  (4  mm  diameter)  surrounded  by 

feed  01 35  cm,s- 
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Mg  laminar  diffusion  flame 


COMPUTATIONAL  APPROACH 

T1 


K.T.  Walsh,  M.B.  Long,  M.D.  Smooke 


^ncenfrati^s^so^ves^e^irsefof  eHiptic[w^ed'em^e^atUrf  field' velocilies’  and  species 

carbon  raSnUm  m iemployed  were  C- ■ • ■ - 


3 ♦ cquanons  are  then  solved  on 
ume  integration  and  Newton’s  methnH  tk  "L — ■ ;w  lvluut 

‘ ^VTadm:t£e2taTcS 

computations  perfonne^wi^differen^valiies^orlh11*31^118'0^  Newfon^m^^^injtitd*1011  ^ 


ComputedTemperature  Profiles 

g = 9.8  m/s2  - - -> 


g = 0.0  m/s 


1900  K 


rTT  ^r^TTTT^29^ 

Figure  Normal  and  microgr^emperamre  pmfiteTU  c a 
, P at  65/35  comPuted  with  GRI  Mech  2 1 1 
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EXPERIMENTAL  SYSTEM  -v  based experimental  setup  were  *^j[^g°J^indowed 

Several  modifrcatitm^to  toe  and  ignition  sJSg™^^u^fdtered, quantitative 

mmsmsB- 

and  -;^^KCWn5>e  %£&%££%&&* 

=£23^ 

SSS“,"‘" 

RESULTS  acceleration  produced  by  the  KC-  n5  d<King^^g  regl0n 

Although  the  gravitational  accel  i J forces  (g-jitter),  die  fla  qH*  for  fuel 

suited  to  both  positive  and  (40%-55%  N2),  the  Pg 

remained  stable  enough  fo  % methane.  In  dilut  mixtures,  which  contained 


that 


: a range  of  flow  conuu^ 

lighter  than  air,  density  eltects  p 1 C 


until  the  code  predicts  a stahl?  a * n 1 S’  the  lift-off  height  hi™  35L%  and  50%  N,.  As  the 

-"■p 

MeaSUred  and  Computed  Lift-Off 
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EFFECTS  OF  BUOYANCY  IN  HYDROGEN  JET  DIFFUSION  FLAMES 

A.  K.  Agrawal1,  K.  Al-Ammar1,  and  S.R.  Gollahalli1,  and  D.W.  Griffin2,  1 School  of  Aerospace 

and  Mechanical  Engineering,  University  of  Oklahoma,  Norman,  OK  73019, 2Fluid  Physics 
Branch,  NASA  Lewis  Research  Center,  Cleveland,  OH  44135 

INTRODCUTION 

This  project  was  carried  out  to  understand  the  effects  of  heat  release  and  buoyancy  on  the 
flame  structure  of  diffusion  flames.  Experiments  were  conducted  at  atmospheric  pressure  in  both 
normal  gravity  and  microgravity  conditions  in  the  NASA  LeRC  2.2  s drop  tower.  Experiments 
were  also  conducted  in  a variable  pressure  combustion  facility  in  normal  gravity  to  scale  buoyancy 
and  thus,  to  supplement  the  drop  tower  experiments.  Pure  H2  or  H2  mixed  with  He  was  used  as 
the  jet  fluid  to  avoid  the  complexities  associated  with  soot  formation.  Fuel  jet  burning  in  quiescent 
air  was  visualized  and  quantified  by  the  Rainbow  Schlieren  Deflectometry  (RSD)  to  obtain  scalar 
profiles  (temperature,  oxygen  concentration)  within  the  flame.  Burner  tube  diameter  (d)  was 
varied  from  0.3  to  1.19  mm  producing  jet  exit  Reynolds  numbers  ranging  from  40  to  1900,  and 
generating  flames  encompassing  laminar  and  transitional  (laminar  to  turbulent)  flow  structure. 
Some  experiments  were  also  complemented  with  the  CFD  analysis. 

In  a previous  paper  [1],  we  have  presented  details  of  the  RSD  technique,  comparison  of 
computed  and  measured  scalar  distributions,  and  effects  of  buoyancy  on  laminar  and  transitional 
H2  gas-jet  diffusion  flames.  Results  obtained  from  the  RSD  technique  [2,  3],  variable  pressure 
combustion  chamber  [4],  and  theoretical  models  [5]  have  been  published.  Subsequently,  we  have 
developed  a new  drop  rig  with  improved  optical  and  image  acquisition  [6].  In  this  set  up,  the 
schlieren  images  are  acquired  in  real  time  and  stored  digitally  in  RAM  of  an  onboard  computer. 
This  paper  deals  with  laminar  diffusion  flames  ot  pure  H2  in  normal  and  microgravity. 

RESULTS 

Figure  1 shows  the  color  schlieren  images  of  a hydrogen  gas-jet  diffusion  flame  in  normal  and 
microgravity  for  d=  1.19  mm  and  Re=70.  The  microgravity  image  was  taken  towards  the  end  of 
the  drop,  when  the  flow  field  had  attained  a near  steady  state.  In  conformity  with  previous  studies 
and  as  expected,  we  notice  that  the  schlieren  boundary  in  microgravity  is  wider  than  that  in 
normal  gravity.  Also,  the  axial  diffusion  upstream  of  the  burner  exit  is  more  significant  in 
microgravity  than  that  in  normal  gravity.  Images  in  Fig.  1 were  used  to  create  contour  plots  of 
angular  deflection  shown  in  Fig.  2.  The  curvature  of  contours  in  Fig.  2 reveals  large  axial 
gradients  near  the  burner  exit  that  decrease  gradually  in  the  axial  direction.  The  curvature  is 
significantly  higher  in  microgravity  than  that  in  normal  gravity,  suggesting  that  the  axial  diffusion 
is  important  for  an  accurate  analysis  of  the  near-bumer  region.  The  spacing  between  contours 
indicates  radial  gradient,  which  is  smaller  in  microgravity  because  of  the  lack  of  the  buoyant 
acceleration.  Overall,  the  normal  gravity  flame  is  characterized  as  buoyancy-driven  because  the 
relatively  slow  diffusion  process  dominates  in  the  absence  of  the  buoyancy. 

For  a given  jet  exit  Re,  the  ratio  of  jet  momentum  to  the  buoyant  acceleration  (i.e.  the  Froude 
number)  increases  with  a decrease  of  the  burner  diameter.  Thus,  with  a smaller  burner,  the  flame 
is  expected  to  approach  non-buoyant  conditions  in  normal  gravity.  This  is  observed 
experimentally  for  d=0.3mm  and  Re=70,  as  shown  by  the  contour  plots  in  Fig.  3.  Note  the 
similarity  between  microgravity  flame  in  Fig.  2 (d=1.19mm)  and  normal  gravity  flame  in  Fig.  3 
(d=0.3mm).  The  buoyancy  effects,  although  small,  are  evident  from  the  differences  between  the 
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normal  and  microgravity  flames  in  Fig.  3.  In  microgravity,  the  Froude  number  is  large  and  hence, 
its  effect  on  the  flame  structure  may  be  negligible.  For  instantaneous  reactions,  negligible  soot  and 
radiation,  the  Re  is  the  primary  parameter  to  characterize  flames  in  microgravity  [4],  Accordingly, 
the  contour  plots  of  microgravity  flames  in  Figs.  2 and  3 are  expected  to  match  with  each  other. 
The  difference  between  these  figures  raises  the  possibility  that  the  flame  in  Fig.  2 may  not  have 
reached  the  true  steady  state  in  the  drop  tower. 

An  understanding  of  the  temporal  evolution  of  flame  in  the  drop  tower  is  obtained  from  Fig. 
4(a),  which  shows  the  temperature  profiles  at  z/d  =4  during  the  drop  for  d=1.19mm,  and  Re=70 
and  40.  The  300  K profile  corresponds  to  the  outer  boundary  of  the  temperature  field  (schlieren 
boundary)  and  the  2400  K profile  corresponds  to  the  reaction  zone  (flame  boundary).  We  notice 
that  the  flame  surface  approaches  steady  state  earlier  than  the  schlieren  boundary,  with  the  time  to 
achieve  the  near  steady  state  at  0.4s  and  1 .0s,  respectively.  Flowever,  note  the  minor  increase  in 
the  schlieren  boundary  throughout  the  drop,  particularly  for  the  flame  at  Re=40  in  Fig  4(b).  In  this 
case,  the  flame  surface  reached  near  steady  state  in  0.8s.  The  time  for  the  flame  surface  to  reach 
near  steady  state  was  smaller  (0.2s  to  0.5s)  for  momentum-dominated  flames  from  the  smaller 
burner.  These  results  demonstrate  that  the  steady  state  of  the  flame  surface  is  not  a true  measure 
of  the  steady  state  of  the  surrounding  flow  field. 

The  shape  of  normal  and  microgravity  flames  from  different  size  burners  are  compared  in  Fig. 
5(a)  for  Re=70  and  in  Fig.  5(b)  for  Re=40.  The  flame  shape  was  determined  from  the  location  of 
the  minimum  refractive  index  (or  maximum  temperature)  and  hence,  it  represents  the  reaction 
zone.  Several  interesting  results  are  revealed:  i)  the  normalized  flame  length  is  independent  of  the 
burner  diameter  or  gravity,  ii)  the  flame  length  decreases  with  Re,  iii)  for  a given  Re,  the 
buoyancy  effects  are  significant  with  the  larger  burner,  iv)  the  flame  shape  in  microgravity  is 
nearly  independent  of  the  burner  diameter,  and  v)  the  flame  anchoring  distance  upstream  of  the 
burner  exit  increases  in  microgravity.  Finally,  Figs.  6(a)  and  6(b)  show  temperature  profiles  at 
z/d=4,  respectively,  for  Re=70  and  40.  These  results  show  that  the  reaction  zone  temperature 
(2400K.)  is  not  affected  by  the  gravity. 
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Figure  1.  Color  Schlieren  Images  in  Normal  (Left)  and  Microgravity  (Right);  d=1.19  mm,  Re=70 


Figure  2.  Contour  Plots  of  Angular  Deflection  in  Normal  (Left)  and  Microgravity  (Right);  d— 1.19  mm, 
Re=70 


Figure  3.  Contour  Plots  of  Angular  Deflection  in  Normal  (Left)  and  Microgravity  (Right);  d=0.3  mm, 
Re=70 
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Figure  4.  Temporal  Evolution  of  Temperature  Field  in  Drop  Tower  for  d=l . 19  mm;  (a)  Re=70,  (b)  Re=40 


Figure  5.  Flame  Shape  in  Normal  and  Microgravity; (a)  Re=70,  (b)  Re=40 


Figure  6.  Temperature  Profiles  in  Normal  and  Microgravity;  (a)  Re=70,  (b)  Re=40 
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Particle  Clouds/Dusts 


University  of  Southern  California,  Los ^ 

INTRODUCTION 

™ of  applications,  ineri  particles 

release  substantial  amount  of  heat  and  can  be  used  ehhi  f 5 C m,XtUre  Reacti"g  particles  can 
Accumulation  of  combustible  particles  in  air  can  residMn  P°Wer  generation  or  propulsion, 
occur  in  grain  elevators,  during  lumber  milling  a U t In.  explosions  which,  for  example  can 
particles  are  used  as  flow  velocity  mSerT  n r!^  ‘o'™6  gaIIeries  tU-  Furthermore  inert 
non-intrusive  laser  diagnostic  techniques  Despite  their  ?mS’  !fd  the,r  velocity  is  measured  by 
T i?SHHU  d aFd  understood  compared  to  gas  phase  as^n  ’ dUSty  reactinS  flows  have 

the  two  phases,  which  can  be  of  dynamic  7KLT  Slem"  'f ' * '°  S'r0ng  couP'i"gs  between 
between  the  two  phases  is  caused  by  the  ineTa  .l3'  "f Ure'  The  dy"amic  coupling 

velocities.  Furthermore,  gravitational  ih^rm  5aus^s  phases  to  move  with  different 
diffusiophoretic,  centrifugal,  and  magnetic’  fnrr^c  p^?retlc>  photophoretic,  electrophoretic 
magnetic,  electrophoretic,  centrifugal,  photophoretic^nd  H the  particIes-  In  general! 

n the  other  hand,  thermophore  tic  forces  caused  h,  iffusiophoretic  can  be  neglected  [2,31. 

****  almOSt  always  preTenf Tn^raffSf ^’d^lic6 

£ HpS'aU  m^pa!^  P»ases  is  a challenging 

,wT,  hey  ^“'Pa"  the  combustion  process  TW  pan,cles-  and  they  must  be  helled 
TOe'Td«'nienpJart'Clesinacorabusli°n  environment^  m“S‘  flrSt  understand  the 

advanced  by  considering ^ stapl?  flow  geoSe^swh  tV™  °f  d"S‘y  flows  can  be  only 

A number  of  computational  and  exnerSnL?  * a- $ysternatlcally  obtained.  S 

have  been  conducted  in  stagnation-tvDe  IS  Stad'CS  on  sPmy  and  particle  flows  (e  g 2 4-8) 
Eulenan-Lagrangian  approach  has  been^dentifiedS  PnnV  ^americaI,y’  the  need  for  a hybrid 
such  approach  has  allowed  for  the  prediction  of  th*  (ront,nill°  and  Sirignano  [4J,  and  the  use  of 
Gomez  a„d  Rosner  [2]  have  Cofd„cP,ecf  a °f  ,dr0plet  [5?6] 

jet  configuration,  and  the  particle  thermonhnrcH^  a'ir  — -he  partlcie  response  in  the  opposed- 
Sung,  Law  and  co-workers  [7  81  have  condone  C dlffMsl\,tIes  were  determined  experimentally 
temperature  gradients  on  thed^  SfS  StUdlCS  °n  the  effect  sfraS^d 

errors  experimental  LDV  data  that  may  arise  froX™^  pOKmia] 

OBJECTIVES 

reacring’JuLXwvThe"  specificSsbme^^™"'31  ““  nUmerical  s,udy  »n  ihe  details  of 

flows  at  normal-  and  and  extinction  strain  rates  of  dusty 

ParUC,£  iml'al 

and^uac,  of  theoretical  models  is  aTsesscd™^’  ReSulIS  are  c0™Pared  with  experiments 
3-  Provision  of  enhanced  insight  into  the  thermo-chemica,  coupling  between  the  two  phases. 
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STUDIES  OF  REACTING  DUSTY 


FLOWS:  Andac,  Cracchiola,  Egolfopoulos  & Campbell 


EX,To^^ 

“ol,ng ftTsls  a pis, on  technique 

reduced.  In  the  present  study  mertaluminum  having  ab  flowing  for  30  seconds  at  three  different 
The  particle  seeding  rate  is  cahbrated  by  h Jj  and  particles  are  blown  into  a bag  that  is 
piston  speeds:  0.44,  (X87,  and  130  ^ measured  on  a mass  balance,  accurate  to  10  mg- 
subsequently  sealed.  The  mass  of  the  bag  is  me  es  ^ blown  int0  the  bag,  so  that  the 

This  measurement  is  taken  both  before  an  oarticle  mass  delivery  and  seeding  rate  for  given 
total  mass  of  the  particles  is  measure^  Thereto  ma  ated  5 times  and  an 

ns£2“  “U, »? c—  was  *«. » * 

aP7x^mlyn, ducted  on  ,he  «*£££%£  “n"0S"^“of 

A1203  particles  of  1 and  25  micron  average  dim neter  t stabilized  and  subsequently  the 

extinction  strain  rate  was  d_d 

through  LDV . 

NUMERICAL  APPROACH  Apnsitv  is  considered  small  enough  so  that  there  are 

In  this  investigation,  the  particle  numb  Y property  variation  in  the  radial  direction,  a 

^T^H^ert ' pa^ic^!C,he  gas  tem^ich^epres^nts^h^force 

Ref  10,  while  the  momentum  equation  was  mothf  y ^on  f()r  the  gas  phase  was  also 
exerted  by  the  particles  on  the  gas  phase.  ‘ , „ctive/convective  heat  exchange  between  the 

modified  by  including  a term  descrying  jh  includes  the  Stokes  drag,  thermophoretic, 

two  phases  The  axial  particle  i Ution  is  assumed  vertical  (i.e.,  gravity  points 

and  gravitational  contributions;  the  sys tern  ^ gradients  (and  thus  thermophoretic  forces) 

downwards).  As  the  action  of  gravi  y a P - j momentum  equation  includes  on  Y 

only” exists  in  the  axial  direction,  the  ^d^  m^auon  allows  for  the  detailed  tea 

contribution  of  the  Stokes  drag  The,  S^  the  contributions  of  conductive/convective  heat 

diffusion  within  the  particle  and  includes  the  p^cle,  and  the  energy  that  is 

exchange  between  the  tw0 aS^5b2StSd  by  *e  P^cles-  Finally’  3 conservatl°n  eqUaU°n 
radiated  bv  the  gas  phase  and  is  absoroea  uy  u 

*■* 

°f De,aUS  °" lhe  eqUa,i0"S  “°n 

and  solution  procedure  can  be  found  in  Ret.  3. 

SUMMARY  OF  RESEARCH  , t d for  ODposed-jet,  atmospheric,  fuel-lean,  laminar 

„2.d"E“ SSS  2*s .™ 


UDIES  OF  REACTING  DUSTY  FLOWS:  Andac,  Cracchiola,  Egolfopoulos  & Campbell 

"ysC^  would  act  along  the  direction  of  the 

is  considered  for  three  cases.  The  first  case  is  thaf  frfV1ly,  lts  effect  on  the  particle  dynamics 

7Srs  with  gravity  favonng  ,he 

stagnation  plane  (GSP)  TOfc™vi,  1"  f flo"  reuv<:rsal  af'er  crossing  the  ga^hlse 
tts  effect  on  the  mass  flux  and  the  thLai  smte  of  ?hT  !'i°“S  effect  on  ,he  Panicle  velocity 
the  spatial  variation  of  the  particle  flux  normahreH  £ ' ,art,cles.,s  more  subtle.  Figure  3 den iefs 

TOnen,The  “ff  dlrefCtion  of  §ravity  can  modify  the  rate  o/sStSh"  ValUC'  ft  ^ be  Seen  that  the 
effect  of  §ravity  °n  the  particle  thermal  smtP  L i d ®uPPly  rate  into  the  reaction 

The  hG  d‘rfC«°n  and  rna8n'tude  of  gravity  has  a notic^h^S F'g’ t Again’  k can  be  seen 

foe  flam?  1 tS  °n  the  gas  Phase  was  found  to  b^Sficanf  °n  thG  Partlde  temPcrature. 
the  flame  cooling  and  the  eventual  global  extinpUrv  7gniflC?nt  as  nP  lncreases.  Figure  5 depicts 

ssr- 

flames  by ^seedlngThemwiir!  and"  2?micron  3t  "lT'  gravity  for  lean  CH4/air  and  C3H8/air 
flames  are  shown  in  Fig  6 As  evn^T  ,m*cron  PartlcIes.  Representative  results  for  r?8/ 

flames  of  higher  equfvllence  m,  “Ste  & ^ -"clema^  £*£ 

micron  particles  cool  the  flame  more  effective  v . wUrtherm°re’  results  sbow  that  the  1 
5 micron  particles.  This  is  a result  of  the  Hro  a^jbtate  extinction,  compared  to  the  larger 
particle  possess  compared  to  the  25  micron  particle/  t0  Volume  ratio  tha*  the  1 micron 
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INTRODUCTION  . 

Combustion  of  suspended  solid  particles  in  air  is  important  from  the  point  of  view  of 
explosion  hazards  and  several  areas  of  modem  combustion  technology  (various  combustion 
systems  of  coal,  propulsion  systems  etc).  However,  the  physical  mechanism  of  dust  cloud 
combustion  is  still  not  well  understood  in  comparison  with  a similar  mechanism  related  to 
combustion  of  homogeneous  gas  mixtures. 

For  a long  time  various  closed  vessel  bombs  were  used  to  study  combustion  of  dust  mixtures, 
mainly  by  simulating  the  explosion  conditions  in  accidents  and  by  classifying  the  relative  level 
of  hazards  of  different  dusts.  Cognitive  value  of  closed  vessel  bomb  experiments  was  very 
limited  and  resolved  itself  into  collection  of  various  empirical  coefficients  and  indexes. 
Empirical  knowledge  from  closed  vessel  bomb  experiments  was  compiled  in  a number  of 
monographs  (book  of  W.  Baknecht  [1]  is  a good  example). 

Apart  from  closed  vessel  bomb  experiments,  parallel  investigations  were  carried  out  in  search 
of  reliable  fundamental  data  on  dust  combustion.  These  data  imitated  parameters  typical  for 
homogenous  gas  flames,  such  as  laminar  burning  velocity  [2,  3,  4],  minimum  ignition  energy  [5, 
6],  quenching  distance  [7,  8,  9]  and  flame  thickness  [3,  7,  9],  It  was  found  in  these  experiments 
that  values  of  measured  parameters  were  comparable  with  experimental  data  for  gas  flames. 
Because  the  order  of  magnitude  of  measured  dust  flame  parameters  was  the  same  as  in  gas 
flames,  the  processes  controlling  flame  propagation  in  these  flames  should  be  similar.  All  these 
data  support  the  opinion  of  Smoot  and  co-workers,  who  reported  series  parametric  predictions  to 
identify  the  controlling  processes  in  premixed  fine  coal  dust-air  flame  [3].  It  has  been  found  as  a 
result  of  these  predictions,  that  the  rate  of  flame  propagation  is  controlled  by  the  rate  of 
streamwise  molecular  diffusion  of  oxygen  and  volatiles,  together  with  heat  conduction  from  the 
hot  gas  to  the  particles. 

On  the  other  hand  dust  flames  are  very  different  from  gas  flames  propagating  in  homogenous 
mixtures.  Basic  differences  between  combustion  of  dust  clouds  and  homogenous  gas  mixtures 
result  mainly  from  differences  in  properties  of  those  mixtures.  Dust  cloud  is  heterogeneous 
mixture.  None  method  of  dust  formation  can  secure  uniform  dust  concentration.  Turbulence 
usually  present  in  dust  cloud  combustion,  differentiates  local  dust  concentration,  due  to  its 
vortical  structure  (centrifugal  effect).  Non-uniformity  of  dust  concentration  results  in  more 
diffusional  combustion  regime.  In  gas  flames  the  entire  heat  is  released  at  the  flame  front.  In 
dust  flames,  only  small  part  of  heat  is  released  at  the  front,  the  remaining  part  being  released  far 
behind  it.  In  other  words,  propagation  of  the  flame  front  through  the  dust  mixture  is  not 
equivalent  to  release  of  the  entire  heat  contained  in  the  dust  fuel. 

Most  of  the  experiments  on  dust  combustion  are  carried  out  in  vessels  with  pneumatic 
dispersion  systems,  where  turbulent  mixing  creates  a dust-air  mixture.  In  experiments  carried 
out  in  microgravity  conditions  turbulent  pulsations  decay  very  fast  (in  similar  experiments 
carried  out  in  [10]  RMS  velocity  decreased  from  10  m/s  to  0,5  m/s  in  0,2  s),  while  dust  particles 
continue  to  be  in  suspension.  In  such  conditions  flame  propagates  in  quiescent  mixture  with 
very  different  local  concentration.  This  would  result  in  different  local  burning  velocities  and  in 
diffusional  combustion  behind  the  flame  front. 
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The  objective  of  the  present  work  is  to  report  an  experimental  comparative  study  on  the 
effect  of  turbulence  and  ignition  system  on  dust  combustion  in  the  constant  volume  vessel  and 
in  open  tube,  provided  both  in  ground  conditions  and  in  microgravity  environment  (created  by 
falling  assembly  in  the  drop  tower). 

EXPERIMENTAL  FACILITY 

The  schematic  of  the  combustion  vessel  used  for  experiments  is  shown  in  Fig.  1 . The  vessel 
has  volume  of  8.4  liter.  The  side  walls  of  the  vessel,  in  the  shape  of  a cylindrical  tube,  are  made 
of  transparent  organic  glass  (0.172  m inner  diameter  and  0.36  m length;  L/D  = 2.1).  The 
experiments  were  carried  out  in  a closed  (constant  volume)  or  vented  (constant  pressure)  vessel. 
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Fig.l.  Structure  of  8.4  I testing  vessel  (1 -dispersion  tube;  2-bar;  3-  dust  vessel;  4-magnetic  valve;  5-air  reservoir;  6- 
mechanical  valve;  7-ignitor;  8-pressure  transducer;  9-disc;  10-transparent  wall);  a-center  ignition;  b-top  ignition. 

The  dispersion  system,  characterized  by  a small  scale  of  turbulence  is  described  in  detail  in 
[10].  A gas  igniter,  with  an  energy  of  0.2  kJ,  was  used  to  ignite  the  mixture  by  a stream  of  hot 
combustion  gases  flowing  from  its  reservoir  of  capacity  60  cm3.  Combustion  gases  could  ignite 
the  dust  mixture  in  the  central  part  of  the  vessel  (volume  ignition  - Fig.  la)  or  in  the  top  part  of 
the  vessel  (surface  ignition  - Fig.  lb).  The  pressure  history  was  measured  by  the  transducer 
FTSV  2100  and  recorded  by  an  AD  card  installed  in  a PC. 

Cornstarch  (C6H10O5)  was  used  as  a fuel.  The  particles  were  nearly  spherical  in  shape  with  a 
mean  diameter  of  1 1 pm. 

Microgravity  experiments  were  conducted  in  the  Department  of  Heat  Technology  and 
Refrigeration  of  the  Technical  University  of  Lodz,  in  a drop  tower,  which  could  provide  10'2g 
conditions  for  1 ,2  seconds. 

RESULTS  AND  DISCUSSION 

It  was  found  before  [10],  that  dust  suspension  was  almost  stationary  under  microgravity 
conditions.  This  makes  possible,  for  a long  ignition  delay  time,  to  study  dust  explosion  in 
microgravity  environments,  practically  without  influence  of  turbulence.  To  diminish  the  effect 
of  turbulence  on  the  combustion  process,  the  ignition  delay  time  500  ms  was  used  in  the 
experiments.  The  experiments  were  carried  out  under  normal  gravity  and  microgravity 
conditions.  The  curves  obtained  under  normal  gravity  conditions  decrease  their  peak  values  and 
the  rate  of  pressure  rise  in  comparison  with  the  gravity  curves  due  to  gravity  sedimentation.  The 
pressure  curves  as  a function  of  time,  for  the  constant  volume  combustion  of  cornstarch  dust-air 
mixture,  are  shown  in  Fig.  2. 

Direct  photography  was  used  to  visualize  the  combustion  process  (Figs. 3 and  4). 
Development  of  combustion  was  recorded  by  a high-speed  video  camera.  Intensity  of  light 
during  the  initial  and  final  stages  of  combustion  varied  by  several  orders  of  magnitude.  The  light 
from  the  flame  front  was  week,  but  from  the  rebuming  regions  very  bright. 


120 


25 

<20 

a 

b15 

■o 

o 10 
=> 


i 

; \ 

fl 

— 

1? / 

L 

/ 

_n d- 

K 

ii 

*JL 

- — 

200  400 


E 

E 


500 


top  ignition)  -as  functions  of  time  for  cornstarch  (dp=l  1 m , q-500g/m  , \ 500ms).  a)  rragm  F 

process  under  microgravity  conditions,  for  ignition  delay  tone 
500  ms  showed  irregular  dame  front  and  irregular  distribution  of  the  regtons  w.th  local 
chemical  reactions  at  the  early  stage  of  combustion  (Fig.  3).  Random  distribution  of  the  flame 
"dXnmg  regions  show!,  .ha,  despite  the  use  of  the  carefully  selected  dispersion 

system,  the  distribution  of  the  dust  mthedusWm^  umtoirn 
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Fig  3a  Dust  combustion,  central  ignition ; a)  direct  photographs;  b)  the  most  probable  position  of  the  flame  front. 

a stream  of  hot  gases  in  the  eenter  of  the  vessel  bums  faster  than  that 
ignited  at  the  upper  part  of  the  vessel  (see  Figs.  2 and  4).  The  maxtmum  pressure  is  also  higher 
for  central  ignition.  This  means  that  the  heat  release  rate  is  higher  for  the  central  ig™  >on 
(volume  combustion)  than  for  the  top  ignition  (surface  combustion  in  the  flame  M. J8end 
the  pressure  curve,  related  to  combustion  with  central  ignition,  indicates  onset  of  heat  transfer  to 
the  walls  Non-uniform  dust  concentration  distributed  random  within  the  vessel  volume  does  not 
change  much  during  the  combustion  process.  This  conclusion  can  be  deduced  from  the  analysis 
of  the  video  records,  which  indicate  that  bright  regions  representing  fast  reactions  are  quiesce  . 
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rate  2 50*  fra  rn  es ^ S ' ' ° ’ l°P  igniti°n;  a)  direct  Photo8raPhs;  b) the  most  probable  position  of  the  flame  front.  Framing 

During  flame  propagation  from  the  top  to  the  bottom  of  the  vessel  (after  top  ignition)  only 
hT  /of  n th%entire  heat  ,s  ^leased  (point  A in  Fig.  2),  the  other  part  being  released  far 
fn  ft!k  ^ fl^eflfront’!n  the  resuming  regime.  From  the  beginning  of  the  combustion  process, 
n this  case  the  flame  front  and  the  hot  combustion  gases  are  in  direct  contact  with  the  walls 
transferring  heat  which  results  in  relatively  gentle  slope  of  the  pressure  curve.  Video  records 
show  that  at  the  final  combustion  stage  the  hot  regions  generate  turbulence 
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LAMINAR  DUST  FLAMES:  A PROGRAM  OF  MICROGRAVITY  AND 
GROUND  BASED  STUDIES  AT  McGILL. 
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IPpil^^iS 

g particle  sizes,  dust  concentrations,  and  types  of  fuel  This  spi  of  Hat  tu 

fmSm&m 

“siLna'„urdrs  fcnders  11 

relatively “ *T  dUS‘  fl°W  Can  >*  only  for 
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LAM,NAR  oust  FLAMES:  A PROGRAM  OF  MtCROGRAVITY  AND  GROUND  BASED  STUDtES  AT  McGILL. 

acoustic  instability  that  develops  for  the  dust  ^ BunVnT^dult  toswlre 

considerably  shortens  the  laminar  stage  of  the  flame  prop  g . ^ show  weU 

found  to  be  a more  accurate  means  for  the  of  used  to  study  the 

=^«,pro^sof,hecarr.er 

gas  on  laminar  flame  burning  velocity  [6], 

Microgravity  dust  combustion  apparatus.  The 

ground-based  facilities  is  about  22  seconds  on  board  parabohe  ftgto — ^ ^ a 

fime  is  required  for  the  observation  of 

dust  burner  in  parabohe  flight,  ou  . h f expansion  and  overboard  venting  of 

the  dust  flames  propagating ^.Srfd^no  “he  microgravity  apparatus  is  described  in  181-  It 
the  combustion  products.  The  deta  g around-based  facilities.  Conical  nozzles 

employs  the  same  type  of  dust  dispersion  sys  em  excitation  of  the  flame.  The  apparatus 

installed  at  the  ends  of  the  tubes  help  to  suppress  acou  « -^^cloud  over  a wider  range  of 

was  tested  by  measuring  p^^^si^^h^^n'the5  grmlniT^^^  Experimental  data 

dust  concentrations  and  particle  S1^hanj  ^ ^ ^ obtained  m KC.135 

for  dust  concentrations  as  high  as  1a.  g P develop  reliable  diagnostics  for 

parabolic  flights  18],  These  tests  have  also  highlights d the ^ need  to  ae  P dlstributlon.  At 

the  measurement  of  local  and  average  dust  concent. ration  * weU  ^ ^ 

present,  a laser  light  attenuation  probe  is  use  ° h ground  by  using  a sampling 

particle  sizes  and  low  dust  concentrations  it  can  be  whbrated  on  ^ ^ 

method  for  the  average  dust  co^entration  me^ure  ^ particie  sizes  this  calibration 

the  dust  suspension  through  a filter).  For  high  dust  loadmg  and  i$  needed  t0 

procedure  has  to  be  performed  in  situ  (i.e.  in  pa ^ ’und erway  at  McGill  to  develop 

(3-radiation  is  directly  related  to  the  n c . narticle  size  and  shape.  Sheets  of 

detector,  and  is  largely  independent  of  the  fftlcul” ^ uscd  to  calibrate  the 
material  of  known  thickness  inserted  between  t e sour  environment.  Microgravity 

probe,  eliminating  the  need  of  m-s.tu  cahbra  ,on  m m,  ^Xe^agglomera.ion  of  the 
expertments  have  also  indicated  a considerable  s7nda^^  size  distribution 

^oVs,^^^  ^ “ 

probe  [9]  has  to  be  developed  to  monitor  particle  sizes  and  the  agglomeration  process. 

Dusts.  The  properties  of  the  dus,  hie,  can 

metals  that  hardly  produce  any  gaseous  products  du™8  MetaUic  dusts  with  the  boiling 

present  study  as  they  yield  nearly  study  stnee  they 

~ s:’ 

Re^ctorV^tVs^lVrs^zirco^m  and  hatoum,  which  wm^e^ilmuungm  mn^mtures 


124 


LAMINAR  DUST  FLAMES:  A PROGRAM 


OF  MICROGRAVITV  AND  GROUND  BASED  STUDIES  AT  McGILL. 


of  the  metal  and  the  combustion  products,  and  they  also  do 

(as,  tor  example,  aluminum,  boron  and  carboni  rim  Th  7 6aSCUUS  oxiaes 

completely  free  of  continuous  gas  flames  ' Therefore’  their  reactlon  fronts  are 


combustion,  the  field  is  retoely^und^  °f  ^ mechanisms  of  heterogeneous  dust 

necessary  to  isolate  and  TTf"  *°  homogeneous  flames).  Thus,  it  is 

(preferably  analytical)  models  These  models  sh  P M ° vf  amC  at  Pirst  seParateIY  using  simple 
that  can  be  readdy  T ^ Unamblguous  FedictL 

problems  are  given  below.  y g°a  Cd  expenment-  Examples  of  such  theoretical 

In  spite  of  the  clearly  discrete 

conservation  equation  of  most  flame  m-g  u SUspension’  the  source  term  in  the  energy 
function  of  spafial  to  be  a continuous 

by  comparing  dust  flame  speeds  p7I,e7hv  * afSS“mpd°\has  been  ^ntly  examined  in  [II] 
The  flame  speeds  obtained  from  y cont'nuous  a"d  by  a discrete  heat  source  model 

combustion  .SsmulTlfZrZa“c77  * «* 

the  opposite  case,  for  fast  (compared  with  ihe  , 'Vu*  ° lramfer  between  particles.  In 
fuels,  the  flame  speed  in  the  discrete  svstem  is  ™!  s hea<  lransfer  belweel’  particles)  burning 
■s  an  explicit  function  of  the  distance  between  patLe^Z^edtoZ^'6  ra(e  and 

the  discrete  source  model  predicts  much  lower  flame  .need  PT^  ^ COntinuum  description, 
speed  on  oxygen  concentration  in  lean  aluminum-air  aXteonf  3 dePende"“  °f  ‘he  flame 
study,  the  model  will  be  extended  to  investigate  the  etasof ZT  SUSpenSlons'  In  our  current 
on  flame  propagation  Umits  and  nn^h-  . e ettecfr  of  the  discrete  nature  of  combustion 

zirconium  dust  clouds  are  planned  to  verifjuhese  pred^ctktns^ICr°^raV't^  eXperiments  with  tea" 

fSoufoxwZZ  feEed^ZX't',aCtThe  “mbus,ion  rate  °f  a solid  fttel  particle  in  a 
oxidizer  to  particle  surface.  Therefore  within  thTflZ"”  ^ ‘he  molecular  transport  of  the 
rates,  the  usual  kinetically-controlled  ’ rate  and  iherZT™  two  competing 

surface.  Preliminary  models  r 121  have  indirafpd  • r ^ ° OXygen  diffusion  to  the  particles' 

the  underlying  ratLontX'mechartsm ' ZmZZ  °f flame  S'™«are  « 

competition  in  order  to  detail  the  resulting  fl  tP  P ed  the°retical  model  will  examine  the 
such  as  particle  iU  depend™“ key  parameters, 

Domination  by  one  rate  will  not  be  uniform  P?"0'133  contro1  parameter  in  the  competition), 
preliminary  models),  but  instead,  each  mechanism willd  3 glVen.flan!e  conflguration  (as  in  our 
reaction  sheet.  Numerical  investigations  havp  l a dJ?minate  m a dlfferent  layer  within  a single 

speed  when  the  two  effects  are  comparable  ZgnfficZ ZlTh^Z  ^ fr°n‘ 

kinetic  and  diffiisively  controlled  regimes  will  h/  n ‘ Th  balance  and  interPlay  of  the 

to  have  a considerable  kinetic  resistance  such  as  perimeatally  verified  using  solid  fuels  known 
flame  propagation  experiments  to  be  performd  ovZ"  u 't‘3)'  MicroSravit>'  *w 

the  transit. on  from  the  predominant  < u r2?ge  °f  Partide  Si“S'  and  Iherefo^ 

microdiffitsion  processes  (large  particle  sizes)  can  blTserZ  ^ '°  'he  flame  C°n‘r0lled  by 
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STUDIES  AT  McGILL. 


Effect  of  dm,  polydispemty.  With  the  exceptton  of  a fcwjec.^  ( ^ range.  au 

dusts  used  in  experiments  have  a vahdity  of  such 

known  theoretical  flame  models  consider : dus  P ^ for  ^ „avePraging>>  of  particle  sizes  in 
an  approximation  has  not  yet  been  analy  makes  it  difficult  to  quantitatively 

application  to  dus.  flames  have  not  been l^ev^p^fcute  dust  has  its  unique  particle 

sus^ns2°  pliet1  s J*  or:SL,TantcieC3:o“ 

understanding  of  dust  combustion.  Q^stions  sue  ^ a coaxiai  burner  should  also  be 

flame  front,  and  non-premixed  ( ) mplexity  and  practical  importance  of  dust 

S2S£ 
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Introduction 

Combustion  of  droplet  sprays  and  particle  clouds  is  a very  important  area  due  to  numerous 
applications  to  engines  and  power  systems  as  well  as  to  problems  of  industrial  safety  and  clean 
environment.  However,  combustion  of  two-phase  systems  is  not  well  understood  yet. 

The  detailed  characterization  of  single  droplet  and  particle  burning  necessitates  the 
determination  of  temperature  and  chemical  species  concentration  fields.  Such  measurements 
necessitate  spatial  and  temporal  resolutions  that  are  impossible  to  attain  with  small  particles. 
Therefore,  one  is  obliged  to  move  to  larger  droplet  or  particle  sizes,  and  this  brings  in  natural 
convection  effects,  which  are  proportional  to  the  third  power  of  the  system  characteristic 
dimension.  In  addition,  natural  convection  effects  are  strongly  increased  under  high  pressure  as 
they  scale  with  the  square  power  of  ambient  pressure.  Furthermore,  under  supercritical 
conditions,  the  classical  experimental  technique  of  fiber  suspended  droplets  is  no  longer 
applicable  because  of  the  drastic  reduction  or  even  annihilation  of  the  surface  tension. 

In  the  combustion  of  sprays  or  clouds  gravitational  effects  add  another  difficulty  due  to  the 
sedimentation  of  the  particles  and  droplets.  Indeed,  stability  of  a spray  or  a cloud  under  normal 
gravity  can  only  be  achieved  by  stirring  this  two-phase  mixture  which  produces  a turbulent  flow 
field.  Therefore,  under  normal  gravity  conditions,  the  combustion  characteristics  of  two-phase 
mixtures  can  only  be  obtained  in  turbulent  flow.  On  the  other  hand,  and  namely  for  high-pressure 
conditions,  these  characteristics  are  in  fact  also  strongly  influenced  by  natural  convection. 

The  advantage  of  performing  such  experiments  under  reduced  gravity  are  therefore  twofold. 
First,  as  for  single  droplet  or  single  particle  experiments,  the  effects  of  natural  convection  are 
removed.  But,  furthermore,  by  preventing  natural  sedimentation  of  droplets  and  particles, 
experiments  can  be  done  under  non-turbulent  conditions.  Fundamental  characteristics  of  two- 
phase  combustion,  such  as  ignition  and  stability  limits  and  flame  propagation  rates,  can  be 
determined  independently  of  flow  and  turbulence  conditions  and  then  used  for  model  validation. 

It  is  proposed  to  develop  a combustion  facility  for  the  International  Space  Station,  which 
would  make  it  possible  to  study  high  pressure  combustion  of  spray  and  clouds  as  well  as  of  single 
droplets  and  particles  under  microgravity.  In  this  paper  we  present  results  of  our  preliminary 
analysis  of  possibilities  to  develop  a high  pressure  spray  and  cloud  combustion  module  for  the 
ISS.  We  analyzed  previous  experiments  on  combustion  of  clouds  and  sprays  under  conditions  of 
both  normal  and  reduced  gravity  from  the  standpoint  of  working  out  the  optimum  techniques  for 
the  use  onboard  the  ISS.  The  reader  can  find  more  details  of  this  analysis  in  Ref.  1.  On  the  basis 
of  this  analysis,  some  promising  methods  were  identified  and  tested  experimentally  in  parabolic 
flights  of  A300  ZERO-G  aircraft  in  December  1998  and  March  1999. 
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Analysis  of  previous  experiences  in  the  spray  and  cloud  combustion  area 

Methods  of  droplets  spray  formation 

Several  techniques  are  identified  by  literature  survey  in  the  field  of  liquid  spray  formation  by 
atomization  for  small  scale  experiments.  We  have  classified  the  techniques  in  different  groups. 
Table  1 shows  the  characteristics  of  the  atomizers.  It  clearly  shows  that  there  is  no  ideal  solution 
and  that  some  compromise  has  to  be  found.  In  many  circumstances,  it  is  important  to  consider  the 
quality  of  the  spray  in  terms  of  physical  parameters  as  the  droplet  size  distribution  or  the  mean 
velocity  field.  For  an  application  designed  to  study  flame  propagation  in  a droplet  spray,  these 
two  parameters  seem  to  be  the  most  relevant.  For  a space  based  experiment  at  high  pressures, 
technological  complexity  is  also  important.  Therefore,  surface  instabilities  and  electrostatic 
atomizers  seem  to  be  good  candidates.  But  microgravity  experiments  are  necessary  to  check  their 
ability  to  work  under  these  conditions. 

Table  1 Main  characteristics  of  the  different  atomizer  types 


Liquid  Jet 
Atomizer 

Air  Assisted 
Atomizer 

Jet 

Instabilities 

Surface 

Instabilities 

Electro- 

static 

Spray 

Condensa- 
tion Spray 

wBm 

Broad 

Broad 

Very  narrow 

Narrow 

Very  narrow 

Narrow 

Possible  liquid 
flow  rate 

Small  to  large 

Very  small 

Small 

Small 

Very  small 

Initial  kinetic 
energy  of  drops 

Very  high 

High 

' High 

Small 

Small 

Very  small 

Design  and 
fabrication 
technology 

Intermediate 

Easy 

Difficult 

Difficult 

Use  at  high 
pressure 

Easy 

Intermediate 

Easy 

Easy 

Easy 

Difficult 

Methods  of particle  cloud  formation 

Several  methods  of  particle  cloud  formation  have  been  used  previously  in  studies  on  combustion 
of  particle  clouds.  Some  of  them  have  been  employed  in  previous  microgravity  experiments.  We 
propose  to  use  the  method  of  cloud  generation  by  means  of  compressed  air.  In  normal  gravity 
researchers  place  a powder  sample  before  the  experiment  either  directly  into  a combustion 
chamber,  or  into  a special  small  chamber  for  mixing  with  air  and  subsequent  transport  of  the 
produced  two-phase  mixture  into  the  combustion  chamber.  The  latter  method  is  suitable  for 
experiments  onboard  the  ISS. 

Combustion  chamber 

Chambers  of  different  volumes  and  shapes  have  been  used  previously  for  dust  explosion  testing 
and  basic  combustion  research.  Small  chambers  may  not  be  suitable  due  to  high  heat  loss  to  the 
walls.  Moreover,  radiation  may  play  an  important  role  in  dust  combustion,  and  in  the  possible 
case  of  long  absorption  length,  a large  size  chamber  is  required.  With  consideration  for  the 
limited  mass  and  volume  of  the  ISS  facilities  as  well  as  for  comparison  with  results  of  numerous 
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MINARY  Sra^Y^AN^CLO^CO\ffl^TIONJ^)DULE  FOR  THE  ISS 

££L£ t0  TT-  3 ^ For  °P^1 

should  be  designed  for  high  pressure  experiments-  °WS.°  SU  C1Cnt  surface  area-  The  chamber 


Methods  of  spray/cloud  ignition 

5»SS=^rK-^S==S 

panic, es/drop!ets,  and  small  ratios  of  energy  to  Ls  for  * 

Experiments  with  single  droplets  and  particles 

==SSSsr2-“ 

Diagnostics 

wlo^dfetributfon  of  Ihe'sis"  DhLfT*!  f Per™eMs  t0  to™e  the  three-dimensional 

==•  sSHES SSr  “r:s 

°Dtecfltarae  fi'0“  H°l0graphic  “d  ■"•erferometric  metScouid  £ aiTuseL  f£ 

accurately  follow  the  flow  The  nositinnc  nf  tt.  1 tracer  particles  small  enough  to 

or  digital  CCD  cameras  a,  each  instant  the light'  sheeUs  pulS°  Tte  data6"11"  ph°'0graph!c  f,lm 
either  determining  the  average  displacement  nf  thp  rt • f ' a Processing  consists  of 

mrnrnmm 
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Preliminary  tests  in  microgravity 

Parabolic  flights  onboard  A300  Zero-G 
aircraft  provide  a way  for  testing  under 
microgravity  the  main  units  of  the  planned 
spray  and  particle  cloud  combustion  module. 
The  test  of  the  particle  cloud  formation 
system  by  the  LCSR  team  has  started  during 
the  parabolic  flight  campaign  organised  by 
CNES  in  December  1998.  Figure  1 shows  a 
schematic  diagram  of  the  set-up  to  be  tested. 
The  process  of  cloud  formation  is  observed 
visually  and  by  means  of  a CCD-camera. 
Light  extinction  methods  are  used  to  momtor 
the  dynamics  of  cloud  formation  in  different 
sections  of  the  chamber. 


Figure  1 Experimental  set-up  used  in 
parabolic  flight  experiments  in  Dec.  1998 

A edified  version  of  this  sei-up  has  been 

campaign.  In  these  experiments  a cleamng  system  and  PIV with  several 
employed.  This  version  of  the  set-up  includes  a 704  cjdmdnr^®  ^ ^ ^ ^ ^ by  a 
windows  and  a 4-1  cylindrical  glass  chamber  h ! experiment.  The  piston  is 

piston,  which  can  move  down  owning  ' 12* ^ "^Ses  2 pulsed  NdrYAG  lasers,  a 
controlled  with  a pneumatic  mechanism.  The  PIV  system  rncmu  f 

CCD  camera  and  a PC. 

Conclusions 

Analysis  of  experimental  methods  and  “ * ” ZZ  e^ri^sonS 

combustion  areas  has  been  made  from  the  s an  p formation  and  ignition.  Some 
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laminar  soot  processes 

K.  -C.  Lin,  Z.  Dai  and  G.  M.  Facth 
The  University  of  Michigan 
Ann  Arbor,  Michigan 


INTRODUCTION 

Soot  formation  within  hydrocarbon-fueled ' Wte  ll»  my 

combustion  science  for  sever.  Ire^  *£  e™ss  uum  radiation  from  soot  limit  the 

other  combustion  pollutant,  thermal  loads  due  majn)y  resp0„sible  for  the  growttt  and 

durability  of  combustors,  thermal  rad'at,°"  iated  with  soot  emissions  is  responsible  for 

spread  of  unwanted  fires,  carbon  morn ox  processes  is  a major  impediment  to  the 

most  fire  deaths,  and  limited  understanding  rt*  P ^ within  laminar  nonpremixed 

development  of  computational  combustion.  ’ {^sed  experiments  at  microgravity.  The 

(diffusion)  flames  are  being  studied’ exper?mental  and  computational  tractabihty  noting 
study  is  limited  to  laminar  flames  due  to  P h laminar  flamelet  concepts.  Th 

fe  relevance  of  these  results  to ^ Loy^cy  affects  soot  processes  in  laminar 

microgravity  environment  is  emphasi  most  practical  flames  (refs.  1-4). 

diffusion  flames  whereas  effects  of  buoyancy  ar ^ ^ carried  out  on  two  flights  of  the  Space 

Results  discussed  here  were  obtained  rom  P ^ methods,  results  found  thus  far  are 

Shuttle  Columbia.  After  a brief  iaminar  flame  shapes,  laminar  smoke 

‘ ' 


experimental  methods 




c 11TWi  flip]  nozzle  were  observed  witnin 
Laminar  jet  diffusion  flames  in  still  alr  at  “d0  m)  Measurements  included  visible 

a windowed  chamber  (diameter  and  vQf^^frt^tions  by  deconvolved  laser  extinction 

flame  shapes  with  a video  camera  emissio„  imaging,  soot  structure  by 

imaging,  soot  temperatures  by  deco  I d temperature  distributions  using 

thermophoretic  sampling  and  TEM  analysis, 

thermocouple  rake.  properties  as  follows:  ethylene  and  propane  as 

A total  of  21  flames  were : observed  p =35-130  kPa,  jet  d,ameters,_d -L6 

fuels,  ambient  temperatures  T ’ -46-172  and  luminous  flame  lengths,  Lf  - L 

and  2.7mm, je,  exit  Refolds  numte ,Re-4« ^ tQ  reach  steady  flames  after  igm.ion,  in 
mm).  Measurements  showed  that  10-2Us  we  4 
accord  with  flame  residence  time  estimates  (ref.  5). 

RESULTS  AND  DISCUSSION 

Soot  Concentration  Measurements.  The  ^XsTmtedTn  Fig.  1 ( r and  z 

the  laser  extinction  measurements  of f soot  voht  ^ ^ ^ methods  is  excellent;  in 

denote  radial  and  streamwise  distances).  The  agreem 
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ex^dinng  cT;a^™:Smp-edetdo  ex^Ji:l^:„IraC,i0nS  " SmaM  “ « ' ppm’ 

diffusion  flames  in  still  gSs  wereTvelopId based  onThe  ^ "°nbu°yant  round  luminar  jet 
with  appropriate  rules  for  selecting  propertfes  and  handV  l''  a"aiysis  of  SPaldi"S  (ref.  9) 
resulting  measurements  and  predictions  of  luminous  ft  soo[  lum,nostty  ( refs.  6 and  7),  The 
Sc  ^Schmidt  number,  L„  ^gth  to  T* ■«  * Fig.  2,  where 

measurements  ( all  near  laminar  smoke  point  00^^  “"'"°  frac,ion-  Th« 

predictions,  establishing  an  empirical  factor  to  h ' ,n  exccllcn(  agreement  with 

Notably  the  present  flames  are  40%  longer  than  simto  fla8001  l“mm0sity  by  the  correlation. 

due  to  reduced  g-jitter,  100%  longer  than  soot  free  °bserVed  in  lhe  KC‘135  facility 

soot  luminosity  and  increased  steadiness  andf  m“  measured  ,n  drop  towers  fret  9)  due  to 
normal  gravity  due  ,0  the  absence  of  buoyant  mixmoT  n m™"0"5  bU°yaM  flames  a> 
provides  excellent  predictions  of  flame  shaTs  as  |l  "f  Remar*ably'  ,Ik  ample  theory  also 
open  up  flames  where  unmodeled  effects  of  radiative  que„eW„;areLou3  "d  °f 

ear!ir“  X T f ""  — — *> 

Illustrated  in  Fig.  4.  The  laminar  smoke  poim  ffamf lei  m rr“cL  e'hy'ene  /air  names  are 
independent  of  burner  diameter  but  are  affected  hv  h 8thS  (LSPFL)  are  seen  to  be  relatively 
of  buoyant  flames  are  five  times  longer  than  present  ™d  pressure:  LSPFL 

residence  limes.  LSPFL  measured  using  the  KC  Ilf  t v,  d“V°  b“°yam  mixin8  and  smaller 
due  to  disturbances  and  present  LSPFL  are  rounhl^v^  T ° tha"  presem  values 

findtngs  htghhght  the  importance  of  tests  a7LZ  f y proporti°nal  to  pressure.  The 
properties  of  nonbuoyan,  flames  "“rogravt.y  to  find  fhe  fundamental  soot  emission 


the  temperature  and  of?"'  f *?T  “““  be  oblained  *<>"> 

emitting  flame  that  has  an  open-tin  shan^  rh  ents  ofFlS-  5.  These  results  are  for  a soot- 
flames  (ref  5 and  6).  The  JFJljtZSZT  * "T  COndi,i°"S  for  "»"C 
the  flame  tip  reaching  I000K  so  that  reactions  ouenrl,8  7 a"nU  ^ reg,on  w'th  temperatures  at 
the  end  of  the  flame.  Predictions  show  that  reduced  ^ S°°‘  ^ U"bUrned  fuel  escape  fr»m 

smaller  rates  of  reaction  and  progressively  I™  1?  ^“  '°W  dUe  10  Ptogressively 

S Teamwise  distance,  when  flame  residence  times  are  larce^  mtl0n  from  soot  with  increasing 
Flame  structure  is  very  difWnt  l Tf  arge  ( refs‘  5 md  6). 
practical  flames.  An  example  of  soot  ^ l°  Va'UeS  m°re  typicaI  of 

-n  Fig.  6.  There  is  no  evidence  of  tip  o2T»d  5°r  SUch  condit^  is  illustrated 

surroundings  exhibit  nearly  the  same  maximum  t ^ ^ fr°m  the  burner  exit  to  the 

findings  of  theory  for  no'nbuoyant  “let ^ ^ 
properties  with  time  become  independent  of  both  the  nath  Variatl0ns  of  flame 

universal  reaction  rate  behavior  (except  near  the  jet  exit^Th  Vdocity’  suSgesting 

practical  nonbuoyant  flames  where  emitted  soot  has  rem  l behavior  15  representative  of 

,,cw  of  th- — - -—t  Lmr/s.r^x„rr^ 
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investigation  wii,  concentrate  on  corresponding  conditions  where  flame  residence  times,  and  thus 
effects  of  radiative  quenching,  are  small. 


acknowledgments 


. 

xTAri  194S  and  -2048  under  the  technical 

Science  Division,  NASA  Glenn  Research 

Center,  Cleveland,  Ohio. 

REFERENCES 

■ s Faeth  GM  and  Urban,  D.L.,  Combust ame 

1.  Sunderland,  P.B.,  Mortazavi,  S„  Faeth,  O. 

, Sand,  P.B.,  Kdyhl,  0 0 and  10  ^ 

34  104:369  (1996). 

5.  IS^dL  eta..,  AlAAi ^:,346(»998) 

, T-  f r ptal  Combust.  Flame  116.415  099?). 

7 Lin  K -C.  and  Faeth,  G.M.,  AIAAL  37:641  (\9' 99).  ^ New  York,  1979,  p.  185. 

8.  Spalding, D.B.,  Urban,  D Cpmbust^Fte  n6:376 

9.  Sunderland,  P.B.,  Mendelson,  B.J.,  Yuan,  ^ 

0999). 


Fig.  1.  Soot  concentration  measurements. 


Fig-  2.  Flame  lengths. 
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Fig-  3.  Flame  shapes. 


PRESSURE  (aim) 


Fig.  4.  Laminar  smoke  points. 


Fig.  5.  Structure  of  open-tip  flames. 


Fig.  6.  Structure  of  closed-tip  flames. 
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INTRODUCTION 

The  interest  in  fullerenes  is  strongly  increasing  since  their  discovery  by  Kroto  et  al.  [1]  in  1985 
as  Products  of  the  evaporation  of  carbon  into  inert  gas  at  low  pressure.  Due  to  their  all  carbon 
closed-shell  structure,  hiUerenes  have  many  exceptional  physical  and  chemical  properties  and  a 
arge  potential  for  applications  such  as  superconductors,  sensors,  catalysts,  optical  and  electronic 
evices,  poymers,  high  energy  fuels,  and  biological  and  medical  materials.  This  list  is  still 
growing,  because  the  research  on  fullerenes  is  still  at  an  early  stage.  Fullerenes  can  be  formed  not 
on  y in  a system  containing  only  carbon  and  an  inert  gas,  but  also  in  premixed  hydrocarbon  flames 
under  reduced  pressure  and  fuel  rich  conditions  [2,  3],  The  highest  yields  of  fullerenes  in  flames 
are  obtamed  under  conditions  of  substantial  soot  formation.  There  a need  for  more  information  on 
e yields  of  fullerenes .under  different  conditions  in  order  to  understand  the  mechanisms  of  their 
orma  ion  and  to  enable  the  design  of  practical  combustion  systems  for  large-scale  fullerene 
production.  Little  work  has  been  reported  on  the  formation  of  fullerenes  in  diffusion  flames  In 
order  to  explore  the  yields  of  fullerenes  and  the  effect  of  low  pressure  in  diffusion  flames, 
therefore  we  constructed  and  used  a low  pressure  diffusion  flame  burner  in  this  study. 

EXPERIMENTAL 

The  experimental  system  is  a low  pressure  benzene/oxygen/argon  diffusion  flame  (Fig  1) 
Benzene  diluted  with  argon  is  fed  through  a fuel  port  of  10  mm  diameter  surrounded  by  a stream 
of  oxygen  fed  dirough  a porous  plate  with  a diameter  of  30.5  cm.  The  cold  gas  velocity  of  the 

unburned  benzene/argon  mixture  was  varied  from  433  to 
840  cm/s  with  a cold  gas  velocity  of  the  oxygen  of  3.65  cm/s. 
The  pressure  in  the  burning  chamber  was  varied  from  12  to 
40  Torr.  Samples  of  condensable  material  including  PAH, 
fullerenes  and  soot  were  collected  using  a quartz  probe  with  an 
orifice  of  1 .5  to  2 mm,  held  in  a water-cooled  jacket  and 
operated  at  2 Torr.  (Sampling  times  were  from  1 to  5 minutes, 
limited  by  the  clogging  of  the  probe  with  soot.  More  heavily 
sooting  conditions  than  those  studied  here  couldn’t  be 
measured.)  All  condensable  material  was  collected  on  a 
preweighed  filter  system,  consisting  of  a glass  wool  plug  in  an 
aluminum  foil  sleeve  in  the  region  of  the  probe  surrounded  by 
the  cooling  jacket.  The  filter  was  submerged  in  toluene  and 
ultrasonicated.  After  filtering,  the  solution  was  concentrated  and 
analyzed  using  HPLC.  The  HPLC  system  was  equipped  with  a 
diode  array  detector  (DAD)  and  a variable  wavelength  detector 
(VWD).  The  stationary  phase  (Cosmosil  Buckprep  column, 
4.6  x 250  mm)  was  used  with  a flow  rate  of  1.0  ml/min  toluene. 
For  the  quantification  of  Cm  and  C70  the  VWD  detector  was 
calibrated  using  a wavelength  of  330  nm. 


to  pump  j 

WafcTcoolcd  Probe 


Vacuum  Ports 


Oxygen'  f Oxygen 
Benzene  + Argon 

Fig.  1:  Experimental  setup. 
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Samples  from  different  heights  above  the  burner  in  the  axial  center  of  the  flame  were  taken  y 
changing  the  vertical  position  of  the  burner  and  the  probe.  To  characterize  the 
production  in  the  flames,  the  ratio  of  the  total  mass  of  fuUerenes  to  the  total  mass  of  condensable 
material  and  to  the  total  volume  of  the  noncondensable  gas  are  used  as  parameters. 

REHgureT2  fhows^he  ™*sTfuUerenes  C„  and  C,„  from  a flame  at  20  Torr .“ dXem  fltfiOe^ 
the  total  mass  of  condensable  materia,  at  different  ^tghts  ahov^the  ^-r  at  different  flame. 
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Fig.  2:  Amount  of  fullerenes  C«)  and  C70  in  the 
condensable  material  from  different  heights  above  the 
burner  at  20  Torr  in  different  flames  at  different  levels 
of  argon  dilution  and  different  cold  gas  velocities  of 
the  unbumed  benzene/argon  mixture. 


stoichiometric  lengths  of  the  different 
flames  studied,  because  the  highest 
concentration  of  fullerenes  is  detected 
just  above  the  visible  stoichiometric 
surface  of  the  flame. 

Increasing  the  cold  gas  velocity  of  the 
benzene/argon  mixture  at  the  burner 
outlet  vu(fuel/Ar)  increases  the 
temperature  and  the  length  of  the  flame. 
A visible  indicator  for  the  increase  of 
temperature  was  the  change  of  the  orange 
soot  radiation  to  a bright  white  emission. 
The  effect  of  the  dilution  of  the  fuel  with 
argon  at  a constant  fuel/argon  velocity 
results  in  a shorter  flame,  but  not 
necessarily  in  a lower  temperature.  Each 
flame  was  only  studied  at  certain 
distances  from  the  burner,  because  the 
intention  was  to  find  the  maximum  of  the 
fullerene  concentration. 

A maximum  for  the  percentage  of 
fullerenes  in  the  condensable  material  was 
detectable  in  the  flames  shown  in  Fig.  2. 
This  behavior  indicates  that  higher 
temperatures  enhance  the  formation  of 


the  fullerenes,  because  the  maximum  fullerene  percentage  is  observed  in  the  flame  region  where 
temperature  is  highest.  That  the  temperature  maximum  is  located  at  the  stoictoometnc  surface si 
weUP known  for  dfffusion  flames.  In  addition  to  the  temperature  effect  there  might  also  be  an  effect 
of  the  presence  of  oxygen.  The  elimination  of  CO  from  oxidized  PAH  is  thought  to  be  a source 
five  membered  rings  in  the  structure  of  combustion  generated  PAH,  which  are  the  precursors 
fuUerenes  in  flames.  However,  oxidation  reactions  are  also  responsible  for  the  decomposition  of 

the  fuUerenes  with  higher  distances  from  the  burner.  fillWn„ 

It  is  not  yet  clear  if  oxidation  is  the  only  process  contributing  to  the  reaction  of  fullerenes, 
PAH  and  soot  in  the  flame  region  of  net  condensable  consumption,  or  if  there  is  also  a formation 
of"nes  from  PAH  and  soot  in  the  hot  zone  of  the  flame,  as  in  the  formation  of  fuUerenes 

from  vaporized  graphite  in  an  electrical  discharge. 
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That  the  maximum  fullerene  percentage  is  at  such  high  dilutions  of  the  fuel  as  those  seen  here 
(Fig.  2,  flame  #4)  is  surprising.  The  overall  concentration  of  carbon  in  the  flame  and  the  soot 
formation  go  down  with  increasing  dilution.  The  lower  amount  of  soot  at  higher  dilution 
decreases  the  heat  loss  from  the  flame  due  to  radiation,  thereby  giving  a higher  temperature, 
which  favors  fullerene  formation.  The  lower  amount  of  soot  might  also  decrease  the  consumption 
of  fullerenes  by  reaction  with  soot,  but  on  the  other  hand  it  would  decrease  the  generation  of 
fullerenes  from  soot  if  such  a reaction  occurs.  The  lower  concentration  of  carbon  would  lower  the 
concentration  of  fullerene  precursors.  Therefore  opposing  effects,  and  hence  the  potential  for  the 
occurrence  of  a maximum  rate  of  fullerene  formation  at  a particular  dilution,  can  be  suggested 
qualitatively,  but  quantitative  prediction  of  the  amount  of  dilution  for  maximum  fullerene 
formation  is  not  yet  possible. 

The  next  graph  (Fig.  3,  left)  shows  the  mass  of  fullerenes  as  a percentage  of  the  total  mass  of 
condensable  material  for  a set  of  flames  at  a pressure  of  40  Torr.  As  in  Fig.  2 the  flames  are 
shorter  with  increasing  dilution.  Comparing  Figs.  2 and  3 it  can  be  seen  that  flames  with  the  same 
dilution  get  longer  with  increasing  pressure. 


#12  #11  #8  #10 
87.6%  85.3%  82.8%  80.3% 


M 4 [ 


c 

4> 

T3 

C 

o 

U 


a 

s 

o 

r- 

u 


U 


T 


i I 

y. 


1 


p =40  Torr 


<T  A 


! 7 

i A. 

i ,A,  A 

j \ 

! k 


50 


70 


90 


Flame 
% Ar 


vu(fuel/Ar)  = 
820  cm/s 


#14  #13 

67.5%  65% 


tP 


cs 

c/l 

c 

<D 

T3 

c 

o 

y 


y 


y 


12 

10 

8 

6 

4 

2 


p=  12  Torr 


0 


40 


60 


height  above  burner  / mm 


height  above  burner  / mm 


Fig.  3:  Amount  of  fullerenes  C6o  and  C70  in  the  condensable  material  from  different  heights  above 
the  burner  in  different  flames. 


Flames  at  40  Torr  are  much  more  sooting  than  flames  at  20  Torr.  For  that  reason  the  dilutions 
with  Argon  are  much  higher  at  the  higher  pressure.  For  lower  dilutions  than  those  shown  in  the 
figures,  the  amount  of  soot  in  the  flame  was  so  high  that  the  probe  clogged  very  fast.  All  the 
flames  show  an  increase  in  the  maximum  percentage  of  fullerenes  with  increasing  dilution.  The 
point  where  the  percentage  goes  down  again  was  not  observed  even  though  the  measurements 
were  done  at  dilutions  up  to  87.6  %.  The  percentage  of  fullerenes  is  lower  at  40  Torr  than  at 
20  Torr. 
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Two  flames  were  studied  at  12  Torr  (Fig.  3,  right),  the  lowest  pressure  that  is  manageable  with 
the  experimental  setup.  Consistent  with  the  other  results,  the  flames  are  shorter  and  the 
percentage  of  the  fullerenes  is  higher  then  at  20  Torr. 


Fig.  4:  Amount  of  fullerenes  and  C7o  in 
the  condensable  material  from  different 
heights  above  the  burner  in  different  flames 
at  different  pressures.  Maximum  for  each 
flame  is  indicated  by  enlarged  diamonds. 
Cold  gas  velocity  of  benzene/  argon  mixture, 
820  to  840  cm/s. 


A plot  of  the  percentage  of  fullerenes  of  all 
flames  with  almost  the  same  cold  gas  velocity  (Fig. 
4)  gives  a better  opportunity  to  see  an  overall 
effect.  A closer  look  at  the  marked  maxima 
indicates  a strong  relation  of  the  percentage  of 
fullerenes  to  the  flame  length  if  the  measurements 
are  done  in  the  region  of  the  maximum  of  fullerene 
formation  for  the  different  pressures.  A shorter 
flame,  which  means  a higher  dilution  or  a lower 
pressure,  favors  the  formation  of  fullerenes 
compared  to  the  formation  of  soot.  This  behavior 
could  indicate  a strong  correlation  of  fullerene 
formation  to  temperature,  which  may  be  higher  for 
the  lower  pressures  and  higher  dilutions,  and  not 
so  much  to  the  concentration  of  precursors,  which 
goes  down  with  decreasing  pressure.  An 
alternative  explanation  may  be  that  a lower 
concentration  of  soot  could  provide  a smaller 
source  of  consumption  reactions  for  fullerenes. 

An  overall  effect  due  to  or  strongly  related  to 
flame  length  on  the  formation  of  fullerenes  in 
diffusion  flames  is  that  a shorter  flame  yields  a 
higher  percentage  of  fullerenes  in  the  condensable 
material.  However,  the  concentration  of  fullerenes 
in  the  flame  seems  not  to  be  affected  in  the  same 
way. 
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INTRODUCTION 

Two  critical  challenges  facing  the  application  of  flames  for  synthesis  of  nanopowder  materials 
are:  (1)  overcoming  formation  of  agglomerates  and  (2)  ensuring  that  the  highly  reactive 
nanopowders  that  are  synthesized  in  flames  can  be  produced  in  such  a manner  that  their  purity  is 
maintained  during  subsequent  processing  (Brezinsky,  1997).  Agglomerates  are  produced  in 
flames  because  particle  formation  occurs  in  a high  temperature  and  high  number  density 
environment.  They  are  undesirable  in  most  advanced  applications  of  powders.  For  example, 
agglomerates  have  a deleterious  effect  on  compaction  density,  leading  to  voids  when 
nanopowders  are  consolidated.  Efforts  to  avoid  agglomeration  in  flames  without  substantially 
reducing  particle  number  density  and,  consequently,  production  rate,  have  had  limited  success. 
Powder  purity  must  also  be  maintained  during  subsequent  handling  of  nanopowders  and  this 
poses  a significant  challenge  for  any  synthesis  route  because  nanopowders,  particularly  metals  and 
non-oxide  ceramic  powders,  are  inherently  reactive.  Impurities  acquired  during  handling  of 
nanopowders  have  slowed  the  advancement  of  the  nanostructured  materials  industry. 

One  promising  approach  that  has  been  proposed  to  address  these  problems  is  nano- 
encapsulation (DuFaux  and  Axelbaum,  1995;  Axelbaum,  et  al.,  1997a,b).  In  this  approach,  the 
core  particles  are  encapsulated  in  a removable  material  while  they  are  within  the  flame  but  before 
excessive  agglomeration  has  occurred.  Condensation  can  be  very  rapid  so  that  core  particles  are 
trapped  within  the  condensed  material  and  agglomeration  is  limited.  Figure  1 shows  transmission 
electron  microscope  (TEM)  micrographs  of  powders  produced  with  a nano-encapsulation  process 
in  sodium-halide  flames:  titanium  (Figs.  la,b)  and  aluminum  nitride  (Fig.  lc).  These  results 
demonstrate  nano-encapsulation  and  they  show  that  the  size  of  the  core  particles  can  be  varied  by 
controlling  process  conditions  (compare  Figs.  1 a and  b.) 

For  synthesis  of  titanium  metal  the  relevant  stoichiometry  (Calcote  and  Felder,  1993; 
Glassman,  et  al.,  1993)  is 

TiCL  + 4Na  + aAr— » Ti(s)  + 4NaCl  +aAr  ( 1 ) 

For  these  flames  the  NaCl  by-product,  the  lighter  material  in  the  micrographs,  acted  as  the 
encapsulation  material  and  argon  was  added  to  control  encapsulation,  as  will  be  discussed. 

Nano-encapsulation  also  addresses  the  handling  concerns  for  post-synthesis  processing. 
Results  have  shown  that  when  nano-encapsulated  powders  are  exposed  to  atmosphere  the  core 
particles  are  protected  from  oxidation  and/or  hydrolysis.  Thus,  handling  of  the  powders  does  not 
require  extreme  care.  If,  for  example,  at  the  time  of  consolidation  the  encapsulation  material  is 
removed  by  vacuum  annealing,  the  resulting  powder  remains  unagglomerated  and  free  of 
impurities. 

In  this  work,  we  described  a novel  aerosol  model  that  has  been  developed  to  simulate  particle 
encapsulation  in  flames.  The  model  will  ultimately  be  coupled  to  a one-dimensional  spherical 
flame  code  and  compared  to  results  from  microgravity  flame  experiments. 

MODELING 

The  need  to  model  aerosols  such  as  those  in  sodium  halide  flames  where  core  particles  are 
encapsulated  by  rapid  condensation  of  a second  component,  requires  a new  multicomponent 
aerosol  model.  The  model  must  predict  both  the  final  particle  size  and  the  size  of  the  core 
particles  under  conditions  of  simultaneous  coagulation  and  condensation.  The  sectional  method  is 
an  established  technique  for  modeling  coagulation  alone  and  some  efforts  have  been  made  to 
extend  this  technique  to  allow  for  condensation  (Gelbard,  1990.)  However,  the  sectional  method 
when  applied  to  condensation  suffers  from  numerical  diffusion  or  dispersion  because  condensed 
mass  is  distributed  over  the  entire  section  and  there  is  a flux  of  mass  across  the  section  (bin) 
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boundaries.  Furthermore,  the  sectional  method  yields  integrated  quantities  describing  the 
composition  of  particles  in  a given  section.  For  this  work  we  require  not  only  composition  but 
also  the  size  and  number  of  core  particles  in  the  particle,  i.e.,  we  require  the  size  distribution  of 
core  particles  within  a section.  To  this  end,  a Monte  Carlo  scheme  has  been  developed  which 
affords  a statistical  treatment  of  coagulation  coupled  with  a deterministic  treatment  of 
condensation  and  evaporation.  Numerical  diffusion  and  dispersion  are  avoided  because  the 
method  solves  for  both  mass  and  number,  and  by  employing  moving  bins  the  flux  of  condensable 
mass  across  the  bin  boundary  is  avoided.  The  Monte  Carlo  approach  is  ideally  suited  to  a moving 
bin  approach  and  the  addition  of  moving  bins  does  not  entail  significant  complexity. 

For  a given  size  distribution  the  probability  of  collision  is  determined  for  a discrete  size  interval 
(bin)  and  the  Monte  Carlo  method  is  used  to  statistically  solve  for  the  evolution  due  to  collisions. 
Condensation  and  evaporation  on  the  other  hand,  are  solved  classically  by  integrating  appropriate 
rate  equations.  This  input  is  coupled  to  the  Monte  Carlo  scheme  by  calculating  the  time  between 
collision  events. 

Only  binary  collisions  are  considered  and  the  collision  frequency  between  particles  of  size  i and 
j is  given  by  Zti  = where  (Jy  is  the  collision  frequency  factor  and  N is  the  number  density. 

The  probability  that  a collision  of  type  i-j  occurs  is  qn  = PijAyVj/ZPijA^A^.  In  time  step  5t  there  are 
a total  of/?  = ZPyjVjiVj  5t  collisions.  To  update  a size  distribution  over  a time  step  5t,  p collisions 
are  randomly  chosen  based  on  their  probabilities  and  the  distribution  is  updated  accordingly. 
Since  the  aerosol  under  consideration  has  two  components  and  we  require  not  only  the 
composition  of  the  particles  but  also  the  distribution  of  core  particles  within  the  particle,  we  retain 
N(d„Yi),  m\(d\,Y\)  and  m2  N(dx,Y\),  where  m k is  the  mass  distribution  function  of  component  k.  For 
example,  if  component  1 is  NaCl  and  2 is  AIN  we  seek  the  size  distribution  of  AIN  particles 
encapsulated  within  salt  particles. 

With  the  Monte  Carlo  method  the  particle  size  associated  with  bin  i is  not  prescribed,  but 
rather  a mass  mean  diameter  is  determined  based  on  the  mass  and  number  of  particles  within  bin  i. 
Condensation  will  cause  the  mass  mean  diameter  of  bin  i to  grow  to  a defined  larger  value  and, 
from  this  perspective,  numerical  diffusion  is  avoided.  Nonetheless,  if  the  bins  are  fixed,  the 
growth  of  the  mass  mean  diameter  beyond  the  boundaries  of  a bin  would  lead  to  numerical 
dispersion  which  would  result  in  peaks  and  valleys  in  the  number  density  distribution.  This 
difficulty  is  avoided  by  employing  a moving  bin  approach  wherein  the  bin  boundaries  grow  in 
accordance  with  growth  of  a particle  of  the  same  size.  Thus,  condensation  does  not  result  in  mass 
transfer  across  bin  boundaries  and  the  common  difficulty  of  modeling  condensation  in  coagulating 
aerosols  is  avoided. 

RESULTS 

For  simplicity,  the  particle  encapsulation  process  relevant  to  the  sodium-halide  combustion  of 
Eq.  1 is  modeled  assuming  a homogeneous  closed  system.  The  actual  flame  is  a complex  process 
involving  diffusive  and  convective  transport  and  reaction.  Nonetheless,  the  salient  features  of 
encapsulation  in  flames  can  be  understood  without  detailed  modeling  of  the  flame  and  the 
usefulness  of  the  Monte  Carlo  method  can  be  demonstrated  in  this  way  as  well. 

From  the  chemistry  of  Eq.  1,  it  is  clear  that  one  component,  in  this  case  Ti,  has  a low  vapor 
pressure  (10  7 mm  Hg  at  1473  K)  and  will  rapidly  condense  out  at  the  flame  front.  The  other 
component,  the  encapsulation  material,  NaCl,  has  a higher  vapor  pressure  (84  mm  Hg  at  1473  K) 
and  can  be  in  either  the  vapor  or  condensed  phase,  depending  on  temperature  and  a , the 
stoichiometric  coefficient  for  the  inert  in  Eq.  1 . Flame  temperature  can  be  controlled  by  heat  loss 
and  reactant  dilution  and  is  typically  around  1400  K,  which  is  sufficiently  high  that  the  NaCl  is 
initially  in  the  vapor  phase.  As  particles  are  convected  away  from  the  flame,  they  rapidly  cool  due 
to  radiation  and  entrainment.  This  decrease  in  temperature  forces  the  salt  to  condense  onto  the  Ti 
particles.  A heat  loss  of  1-2  W/cm3  is  possible  in  these  particle-laden  flames  and  for  the  purposes 
of  illustration  we  have  assumed  2 W/cm3. 

Figure  2 shows  the  particle  evolution  of  the  aerosol  at  times  just  prior  to  salt  condensation  (t  = 
0 ms)  and  50  and  400  ms  later  (Figs.  2a  - c,  respectively.)  The  particle  size  distribution  shown  in 
Fig.  2a,  which  is  for  Ti  particles,  was  found  to  be  independent  of  initial  size  distribution.  The  total 


142 


Nanoparticle  Encapsulation.  Z.  Sun,  J.l.  Huertas  and  R.L.  Axelbaum 


mass  of  Ti  in  the  aerosol  was  prescribed  by  Eq.  1 with  a = 50  and  at  a pressure  of  atm.  As  seen 
from  Fig.  2,  the  aerosol  quickly  evolves  to  a bimodal  size  distribution  following  the  onset  of 
condensation.  The  smaller  particles  are  Ti  and  the  larger  particles  are  primarily  NaCl.  The  size 
distribution  of  the  NaCl  particles  is  effectively  frozen  in  time  while  that  of  Ti  rapidly  decays  as  the 

Ti  particles  collide  with  the  large  salt  particles.  ...... 

In  Fig.  3 we  see  the  early  stages  of  the  evolution  that  lead  to  the  bimodal  size  distribution. 
Prior  to  condensation  the  critical  size  ct  (Seinfeld,  1986)  for  the  NaCl  is  effectively  infinite  but 
with  high  heat  loss  it  rapidly  decreases  (Fig.  4),  reaching  the  tail  of  the  Ti  size  distribution  As  d 
reduces  further  condensation  begins  and  since  this  is  a closed  system  the  amount  of  NaCl  in  the 
vapor  phase  decreases.  Initially  the  heat  loss  is  able  to  continue  reducing  d and  smaller  particles 
are  coated,  but  as  the  vapor  phase  NaCl  is  depleted,  d reaches  a minimum  and  then  increases^ 

The  encapsulation  process  can  be  summarized  as  follows.  The  core  or  primary  particles  (Ti  in 
this  example)  form  in  the  flame  and  evolve  normally  as  they  would  without  a second  phase.  At 
the  onset  of  condensation  a small  fraction  of  the  particles  in  the  tail  of  the  distribution  act  as 
heterogeneous  nucleation  sites  for  the  condensable  vapor  (NaCl)  and  are  coated.  These  coated 
particles  rapidly  consume  the  NaCl  and,  due  to  the  Kelvin  effect,  they  are  the  only  particles  that 
receive  additional  condensate.  These  “salt”  particles  grow  very  large  because  of  the  large  amount 
of  NaCl  in  the  products  (see  Eq.  1)  and  they  act  to  scavenge  the  remaining  Ti  partic  es. 

Three  possible  structures  of  core  particles  can  be  formed  within  the  scavenging  particles,  first, 
the  core  particles  can  remain  separate,  as  would  occur  if  times  prior  to  salt  solidification  are  short 
(the  melting  point  of  NaCl  is  1073  K),  and  this  we  term  the  frozen  solution.  If  the  core  particles 
collide  within  liquid  NaCl  droplets  they  can  form  either  small  aggregates  or  fully  coalesced 
particles.  Referring  back  to  Fig.  1,  we  see  indications  of  all  three  structures.  The  powder 
produced  with  cool  reactor  walls  (Fig.  la)  shows  ca.  10  nm  particles  embedded  in  NaCl 
indicating  a frozen  case.  At  flame  conditions  that  lead  to  higher  temperatures  and  with  heated 
walls  the  particles  are  larger  (Fig.  lb)  presumably  due  to  collision  in  the  NaCl  droplet  and 
subsequent  coalescence.  The  AIN  particles  in  Fig.  lc  appear  to  be  small  aggregates  of  rod  shaped 

Al  Anlmportant  aspect  of  the  Monte  Carlo  model  is  that  it  retains  a record  of  collisions.  Thus, 
not  only  can  the  composition  be  obtained  as  a function  of  size,  but  the  size  of  the  core  Particl£s 
within  a scavenging  particle  can  be  obtained.  Thus  for  the  limits  of  the  frozen  solution  and  the 
fully  coalesced  solution  we  can  obtain  size  distribution  of  core  particles  and  these  are  shown  in 
Fig.  5.  The  frozen  solution  shows  that  in  this  limit  the  encapsulation  process  clips  the  tail  ot  the 
size  distribution,  leading  to  a narrower  size  distribution.  The  fully  coalesced  solution  shows  the 
important  result  that  nearly  monodispersed  particles  can  be  formed  with  nano-encapsulation. 
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a b 


Figure  1 . NaCl  encapsulated  particles  produced  in  sodium/halide  flames:  (a)  titanium  produced  in  an  open  flame 
(b)  titanium  produced  with  reaction  walls  heated  to  700  °C  and  (c)  aluminum  nitride.  The  dark  particles  are  the 
core  particles  and  the  lighter  material  is  the  NaCl  encapsulation. 
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Figure  2.  Evolution  of  aerosol  undergoing  rapid 
condensation  of  a second  phase.  The  dashed  line 
shows  the  evolution  of  the  distribution  without 
condensation. 


Figure  3.  The  early  stages  of  condensation  for  the  aerosol 
of  Fig.  2 showing  the  development  of  a bimodal  size 
distribution. 
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Figure  4.  Evolution  of  d*  and  S for  the 
aerosol  of  Fig.  2. 


Figure  5.  Core  particle  distribution:  (a)  frozen  solution  where  core  particles  do  not  collide  and 
(b)  fully  coalesced  solution  where  core  particles  collide  and  coalesce. 
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COMBUSTION  SYNTHESIS  OF  ADVANCED  POROUS  MATERIALS  IN 
X7h  rr  , , „ microgravity  ENVIRONMENT 

• hang  (Colorado  School  of  Mines,  Golden  CO  80401  USA  F mail-  i • 

JJ  Moore  F n q.f  V'UBU4UI;  UJ>A>  E-maih  xzhang®>^^ 

J.J.  Moore,  t.  D.  Schowengerdt  and  D.P.  Johnson. 

INTRODUCTION 

(SHSxHca^be'use^^pr^u^CTglnee^^'advmired^^3^31'11^  tempera,ure  syn'hesis 

possibility  for  bone  ingrowth  as  well  as  a n Porous  material  implants  which  offer  the 

replacement  of  bone  defect  ^ ^ '°n 

favorable  energetics  The  structure  and  nm  n'  g r S 1S  ^ased  on  lts  raPld  kinetics  and 
dependent  on  the  combustioTreactl  P Ttv^  Prod““d  by  SHS  are  strongly 

reaction  stoichiometry  particle  size  eree^d  * 0mbustl0n  reactl0n  conditions  such  as 

reactants,  and  pic-heS^^^aST^l^’t?6  T**  “d  ^ °f  dlluents  or  inert 
of  conditions  must  be  satisfied  in  ortTr t l ^,affe,C1  lheexo,hermicity°f<he  reaction.  A number 
liquid,  gas  and  solid  phases  mm" ^be  present^ t Z ma‘eria'S:  °ptimal  amount  of 

balance  among  these  phases  a, 

successfully  engineer  a bone  renlaremmt  • i „ \ ,De  created  by  the  SHS  reaction  to 

ability  to  form  porous  products  (Pacas  1 996^  Th^  ^ MlCr°gravity  testin§  has  extended  the 
operate  in  normal  gravity  Ig’ co^fa  he  *Lu convec?ve.1 beat  transfer  mechanisms  which 

limit  the  porosity  which  may  be  fo™d a the  7 * '*  reaC,i°nS  Gravi*  als0  a«s  '» 
and  the  liquid  movement  during  rnSn  InfitiT  °f  f 7*  t0  res,rict  Iha  gas  expansion 

modify  both  the  extent  of  ”dl  Pr0dUC‘  ^ «*“  “> 

experimental  procedure  and  results 

Two  combustion  synthesis  reaction  systems  have  been  examied: 

2B2Oj  + (4 +x)A I + C=B4C  + 2 Al203  + xAI  n x 

(y+z)  Ti  + xz  B = y 77  + z TiBx . *!' 

rung^n^Cl^mfcu^t  i„Tm  SUrfaCe  °f  r S™Pte  * <>f  a horizoma! 

of  the  combustion  wave  propagated  through  ,?tm°Sp  ere’  and  tbe  reactant  reaction  zone 

reactions  are  observed  in  the  B4C-Al203-xAl  and  T^TiR  ^ sample-  Semi-stable  oscillatory 
structure  visible  on  the  exterior  surfa^  nfth  u T ^ reactl0n  systems,  leading  to  a layered 
the  axial  direction.  Research  conducted  in  [he  SHS  of  no  ^ °hse™ed  to  occur  only  in 

has  been  concerned  with  reactions  based  on  the  B C Ain  OU^eram,c‘matnx  composites  at  CSM 
K and  volatilizes  at  approximately  9123  K arts  'Al2°3'xA1  system-  ^Os,  which  melts  at  723 
combustion  temperatures  fur^es^eaction^  v^es^twee^^rZS^^toZ^T^K^thfs6111  d*11^  ^ 

300%  in  the  axial  direction  (Figure  I ) when  reacted  in  the"  tW°'dl™ensional  “Pension  of  up  to 
xAI  as  both  a diluent  and  an  ^ mode'  Tl>i”eaction  uses 

Increasing  xAI  decreases  the  porositv  and  th*1  d°  C°ntra  (decreasc)  porosity  and  expansion, 
combustion  temperature  achLed  m the  reactin  , ®T-  eXPanSi°n’  deCreaSeS  ,he  maximum 
use  of  ex-si, u The 

porostty  and  strength  and  provides  a biocompatible  taerface  ' " " * 6 comPositc 
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fb)  (c)  ^ 

FIGURE  1 Photographs  showing  the  (a)  green  pellet  and  products  obtained  under 

" (b[  Ig.  (c) 2g. andld) microgra.nycondinons  me(J  ^ reactions 

The  combustion  synthesis  of  * P®r0U^  oT^^cts^sreactant  and  the  remainder  acts  act  as  a 
based  on  the  Ti-TiB*  system  m wc  pa  ^ mix  significantly  increases  the  combustion 

diluent.  Increasing  the  amount  of  B in  affects  the  product  porosity  as  product 

temperature.  In  addition,  the  reaction  stotchtom  ry  TiB2  is 

phases  are  varied.  The  results  the  porosity  of  products 

more  porous  than  that  containing  . Since  this  system  is  a cermet  composite 

in  both  TiB2+Ti3B4  and  T1B+T13B4  phase  reg  and  heat  can  be  transported 

material,  all  the  metal  components  are  erm  ^ wqj  be  iost  from  the  propagating 

throughout  the  pellet  very  easily.  s ’significantly  affects  the  combustion  velocity, 

combustion  front.  Therefore  green  de  > ' ^eere^d!  the  velocity  significantly  decreases, 

temperature  and  pore  size.  As  the  green  annroximately  1973  K.  Decreasing  the  green 

-nd  the  combustion  temperature  decreases * pore  size  from  50  m to  200- 
density,  increases  the  apparent  porosity  (Figure  3),  and  increases  p 


Atomic  Percent  Boron  (%) 


Green  density  (gfcm3) 


300  m.  FIGURE  3.  Effect  of  green  density  on  porosity 

FIGURE  2.  Effect  of  composition  on  porostty.  which  is  released  in  the  form  of  gas  at  the 

With  incorporation  of  the  gassifymg  agen  , 2 3,  5Q  tQ  3oo-800pm  which  is 

propagating  combustion  front,  the  p0re.  .helps  to  form  a composite  microstructure, 

comparable  to  that  of  natural  bone.  Addtttonally,  B 0,1 telps  m ° P fte  size  and 

which  more  closely  resembles  bone.  Elevate, m)  effect ^ ^ * * 

nature  of  the  pores  formed.  T is  is  o g resulting  in  increased  closed  pores, 

limiting  force  on  bubble  expans, on  ,n  the  hqiad  ^ is  leased.  Current 

Secondly,  the  amount  of  heat  convection  Prese  BP  reaction  propagation. 

research  has  conftrmed. ha.  a mtntmum  gas As  expected,  this  effect  is 
The  B4C-2AI0O3  system  “quenches  out  in  low  pressures  tit 

amplified  with  the  addition  of  diluents.  conditions  has  shown  the  following 

differences  compt^e^w^th,^cUor^s  conducted  under  normal  (lg)or  slightly  elevated  (2g)  gravity 
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increase  in  plrisityta “f^a^^.'°I”P<lnen,s  in  metal  matr'*  composites.  (2)  an 
ceramic  and  metal  matrix  composites,  (4)  greater  cTt^Sfh''5’ -f*  increase  in  pore  size  in 
greater  control  over  combustion  temperature ld  1°  7"  'he  umform't>'  »f  pore  size,  and  (5) 
B4C.AI.O3  ceramic-matrix  reaction  systems  ^ ™c"*l™cture.  Conducting  the 
expansions  of  at  least  a further  200%.  ^ At  low  gravity  ^the^  ^1“  in  addi,i°nal  uniaxial 

also  show  that  the  degree  of  porosity  and  uniformity 


(a)  Under  low  gravity 


mmm 

*ZK-m 


wj&fraM  '$L 

Sk^ssSsSI  1.'  • 


(b)  Under  2g 


HC«  ( RE  4.  Macrostructures  of  B4C-A!20j-: 


m mmm  «$Mmm 

(a)  Under  low  gravity 


xAi  system. 


FIGURE  5.  Photographs  of  Ti-TiB,  samples 
pellet 


(b)  Under  2g 
s with  the  same  green 


Recent  research  (Simske,  1 995)  indicates  that  ^ 

porosity  with  pore  sizes  of  200  to  500  microns  and  the  TT™  m^tenals  should  exhibit  50-80% 

j£E feii ,he.liiS  P°rous  materials  compared  wUh  na^  h ""  °f  llatUral  bone-  20GPa- 

'^mumaar*  "“tLSgyral  bone  are  Presented  i„  Figure  6, 


Composites  of  B4C-2A1203-xaT  ^Tn* ‘ a)  b°"f ‘ b)  'vn,i' 

infiltrated  with  |X»lyn^taei^l^^^“  “ Ti-T®>  W".  and  B.C-AfeOr 
behaytor.  The  tests  indicated,  that  within  th e * f , , T ‘°  de(ermine  ‘^ir  mechanical 
of  elastic  behavior.  In  fact,  the  polymer  infiltration  offcBCJHT'l’  Sh°W  little  evidence 
to  behave  in  a non-linear  viscoelastic  manner  Doe  tn  th  4 ■ 2°3  Samp  e causes  the  materials 

composite,  a moderate  range  of  test  values  were  obta  ned  Th^  m3terialS  inVolved  in  the 
also  complicates  the  issue  of  defining  the  mechanh^l  ^ P°r°US  natUre  °f  the  co™Posite 

exhibited  a smooth  curve  with  a siigh,  overshoot.  ™„fi^,^ 
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curves  with  evidence  of  multiple  small  <hi>ures; 

Th  higher  strength  characteristics  than  the  ^“"'s“nt0  a ra,  for  b„„e  ingrowth  trial 
A recent  test  has  implanted  three  p 4 , b sufficiently  high  and  competitive  with 

The  resulting  bone  growth  rates  implantation  of  the 

currently  used  materials  to  expand  the  tnal  JLments  were  conducted  by  Sulzer  Medica 

samples  into  the  rats  and  the  bone  gro  ra  prnwth  nroteins  to  accelerate  the  bone  growth 

Inc.,  a commercial  company  that  s»"*es‘“"  ° stady?  the  skull  onlay  implant  had  13%  bone 
rate  in  these  porous  materials.  A natural  bone.  The  samples  wer 
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CONCLUSIONS  ...  thal  gravity  affects  the  overall  expansion  of  the 

Evidence  presented  in  this .paper  ^^<^8  praluct.  Increased  gravity  was  shown  to 
product  and  the  phase  distribution  within the  resuh  g P ding  wi,hin  the  reacting 

decrease  pellet  expansion  due  to  the  |» M omd  ^ „ less  hea,  loss  and  decreased 

^crostmctmaUeatw^Th^^c0^?0^58  can  be  further  altered  by  ex-situ  polymer  infiltration  to 
meet  consumer  needs. 
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INTRODUCTION 

Smolder  waves  and  SHS  (self-propagating  high-temperature  synthesis)  waves  are  both  examples 
of  filtration  combustion  waves  propagating  in  porous  media.  Smoldering  combustion  is  important 
for  the  study  of  fire  safety.  Smoldering  itself  can  cause  damage,  its  products  are  toxic  and  it  can 
also  lead  to  the  more  dangerous  gas  phase  combustion  which  corresponds  to  faster  propagation  at 
higher  temperatures.  In  SHS,  a porous  solid  sample,  consisting  of  a finely  ground  powder  mixture 
of  reactants,  is  ignited  at  one  end.  A high  temperature  thermal  wave,  having  a frontal  structure, 
then  propagates  through  the  sample  converting  reactants  to  products.  The  SHS  technology  appears 
to  enjoy  a number  of  advantages  over  the  conventional  technology,  in  which  the  sample  is  placed 
in  a furnace  and  baked  until  it  is  "well  done”.  The  advantages  include  shorter  synthesis  times, 
greater  economy,  in  that  the  internal  energy  of  the  reactions  is  employed  rather  than  the  costly 
external  energy  of  the  furnace,  purer  products,  simpler  equipment  and  no  intrinsic  limitation  on 
the  size  of  the  sample  to  be  synthesized,  as  exists  in  the  conventional  technology. 

When  delivery  of  reactants  through  the  pores  to  the  reaction  site  is  an  important  aspect  of  the 
combustion  process,  it  is  referred  to  as  filtration  combustion.  The  two  types  of  filtration  combustion 
have  a similar  mathematical  formulation,  describing  the  ignition,  propagation  and  extinction  of 
combustion  waves  in  porous  media.  The  goal  in  each  case,  however,  is  different.  In  smoldering 
the  desired  goal  is  to  prevent  propagation,  whereas  in  SHS  the  goal  is  to  insure  propagation  of  the 
combustion  wave,  leading  to  the  synthesis  of  desired  products.  In  addition,  the  scales  in  the  two 
areas  of  application  differ.  Smoldering  generally  occurs  at  lower  temperatures  and  propagation 
velocities  than  in  SHS.  Nevertheless,  the  two  applications  have  much  in  common,  so  that  what  is 
learned  in  one  application  can  be  used  to  advantage  in  the  other. 

We  have  considered  a number  of  problems  involving  filtration  combustion.  Here  we  describe  two 
such  studies:  (A)  fingering  instabilities  in  filtration  combustion,  (B)  rapid  filtration  combus- 
tion  waves  driven  by  convection, 

A.  FINGERING  INSTABILITIES  IN  FILTRATION  COMBUSTION 

Our  investigation  describes  the  possibility  of  a fingering  instability  in  filtration  combustion  (FC)  in 
microgravity  conditions  [1],  in  which  the  interface  between  the  burned  and  unbumed  portions  of 
the  sample  takes  the  shape  of  a propagating  finger  or  a number  of  such  fingers,  which  occupy  only 
the  interior  of  the  sample  and  not  its  surface.  Such  a combustion  wave  is  more  dangerous,  from 
the  point  of  view  of  fire  safety,  in  that  (i)  its  combustion  velocity  exceeds  that  of  the  flat  interface 
and  (ii)  the  burning  that  occurs  is  hidden  from  view,  and  therefore  not  easily  detected,  as  it  occurs 

'Work  funded  under  NASA  Grant  NAG3-2209. 
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in  the  interior  of  the  sample  and  not  on  its  surface. 

We  consider  planar,  uniformly  propagating  combustion  waves  driven  by  the  filtration  of  gas  con- 
taining an  oxidizer  which  reacts  with  the  combustible  porous  medium  through  which  it  moves. 
We  find  that  these  waves  are  typically  unstable  with  respect  to  hydrodynamic  perturbations.  For 
both  forward  (coflow)  and  reverse  (counterflow)  filtration  combustion  (FC),  in  which  the  direction 
of  gas  flow  is  the  same  as  or  opposite  to  the  direction  of  propagation  of  the  combustion  wave, 
respectively,  the  basic  mechanism  leading  to  instability  is  the  reduction  of  the  resistance  to  flow  in 
the  region  of  the  combustion  products,  due  to  an  increase  of  the  porosity  in  that  region.  Another 
destabilizing  effect  in  forward  FC  is  the  production  of  gaseous  products  in  the  reaction.  In  reverse 
FC  this  effect  is  stabilizing.  We  also  describe  an  alternative  mode  of  propagation,  in  the  form  of  a 
finger  propagating  with  constant  velocity.  The  finger  region,  occupied  by  the  combustion  products 
is  separated  from  the  unbumed  region  by  a front,  in  which  chemical  reactions  and  heat  and  mass 
transport  occur.  We  show  that  the  finger  solution  of  the  combustion  problem  can  be  characterize 
as  a solution  of  a Saffman-Taylor  (ST)  problem,  originally  formulated  to  describe  the  displace- 
ment of  one  fluid  by  another  having  a smaller  viscosity,  in  a porous  medium  or  in  a Hele-Shaw 
configuration.  The  ST  problem  is  known  to  possess  a family  of  finger  solutions,  with  each  member 
characterized  by  its  own  velocity  and  each  occupying  a different  fraction  of  the  porous  channe 
through  which  it  propagates.  We  propose  a criterion  to  select  the  correct  member  of  the  farm i y 
of  solutions,  based  on  consideration  of  the  ST  problem  itself,  rather  than  on  modifications  of  the 
problem,  e.g.,  by  adding  surface  tension  to  the  fluid  displacement  model  and  then  taking  the  limit 

of  vanishing  surface  tension. 

In  addition,  we  determine  conditions  for  an  instability  driven  by  oxidizer  diffusion,  which  leads  to 
the  formation  of  multiple  fingers.  Our  theoretical  results  explain  the  recent  experimental  results  in 

Zik,  et.  al.  [2],  and  Olson,  et.  al.  [3J. 

B.  RAPID  FILTRATION  COMBUSTION  WAVES  DRIVEN  BY  CONVECTION 

Another  investigation  describes  a new  type  of  FC  wave,  driven  by  convection  rather  than  conduc- 
tion of  heat  [4],  Such  a wave  arises  due  to  the  imbalance  between  the  temperatures  of  the  solid  and 
gas  phases.  These  waves  can  propagate  much  more  rapidly  than  FC  waves  driven  by  diffusion  of 
heat,  and  may  be  observed  even  in  mixtures  with  very  low  thermal  conductivity.  Thus,  it  too  poses 
a greater  danger  from  the  point  of  view  of  fire  safety. 

The  propagation  of  filtration  combustion  (FC)  waves  in  a porous  solid  which  reacts  with  a gaseous 
oxidizer  flowing  through  its  pores  may  be  significantly  enhanced  by  increasing  the  infiltrating  gas 
flux  through  the  hot  porous  product  region.  For  relatively  small  flux,  enhancement  occurs  by  t e 
superadiabatic  effect,  i.e.,  by  increasing  the  maximum  temperature  (Tb),  and  thus,  the  reaction 
rate  W(Tb)  in  the  combustion  front.  Though  convection  of  heat  from  the  product  region  increases 
Tb,  the  mechanism  of  FC  wave  propagation  is  controlled  by  diffusion  of  the  heat  released  in  the 

reaction. 

An  alternative  mechanism  of  enhancement,  which  occurs  for  relatively  large  gas  fluxes,  and  cor- 
responds to  pronounced  temperature  nonequilibrium  between  the  gas  and  solid  phases,  leads  to  an 
increase  of  the  FC  wave  velocity  without  increasing  the  combustion  temperature.  The  propagation 
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of  such  waves  is  controlled  by  the  convection  of  heat  stored  in  the  products  rather  than  bv  diffu 

in  r react,on' such  ^ ^ 

absent  altogether,  due,  e.g„  to  poor  contact  between  the  particles  comprising  the  porous  matrix. 

Unhke  conventional  (driven  by  diffusion  of  heat)  combustion  waves,  the  combustion  velocity  of 
convection  dnven  FC  waves  is  not  controlled  by  the  maximum  temperature  T„  butrnte  byan 

"7  7pe“ureh  Which  «■*  reaction.  Here,  T„  the  tcmpermure  aTwhmh'the 

rate  of  heat  release  in  the  reaction  equals  the  rate  of  heat  exchange  between  the  gas  and  solid 
phases,  is  the  temperature  at  which  the  reaction  begins  to  self-accelerate. 

Wa77r?he1a«7h7ri7,  ^7  q“i,e  differe"‘  ‘han  ‘he  StnKtUre  of : combustion 
. the  latter,  the  reaction  typically  occurs  in  a narrow  temperature  region  in  the  vicinitv  of 

izzz::z:,t  r rhe7ord\for  a standard  ««  -- 1 

essentially  isothermal  (T  ~ Th)  conditions  because  all  the  energy  released  in  the  reaction  diffuses 

C°r,:for  the  COnVeC,'Ve  m°de  °fFC  propagation  ,h“ 
initiated  at  a certain  self-,gmtion  temperature  T<.  The  reaction  occurs  under  essentially  adiabatic 

conditions  because  the  rate  of  heat  release  in  the  reaction  significantly  exceeds  the  rate  of  heaf 

tarn  TSm  T T”  C SOM  “d  11,6  8aS'  ™S  reSUl,S  a •cmperatum  jump  in  the  reaction  Zo„ 
h '‘  C0ntrast  t0  convent’onal  combustion  waves  the  processes  in  the  reaction  zone  are 
ot  of  such  great  importance  for  convective  wave  propagation.  In  a sense,  convective  FC  waves 

the  role  of  the  reaction  ,s  to  — ,he 

''"'"r"’  characteristic  of  the  convective  FC  wave  is  the  self-ignition  temperature  7)  which  inl- 
and he*,  "j  " 7 ValUe  °fT‘  ,S  detCm’med  b>"  equating  the  rates  of  interphase  heat  transfer 
and  heat  release  m the  reaction.  The  lower  % the  higher  the  velocity  of  the  wave  Rapid  p 77 

non  of  the  FC  wave  occurs  due  to  the  hot  gas  penetrating  deeply  info  the  medium,  which  initiates 
reaction  in  a thick  layer  ahead  of  the  reaction  front. 

Ms  investigation  is  for  the  case  of  forced  FC.  Other  driving  mechanisms  are  also  possible  e 2 

ancy  cm  5^77^*  8raV'‘y  7 microgravit’'  environments.  In  a gravity  environment  buoy-’ 

• i . . nving  mechanism,  with  hot  gas  rising  and  exiting  the  top  of  the  sample 

ucing  the  inflow  of  cold  fresh  gas  through  the  bottom  of  the  sample.  We  have  studied  buoyant 
ration  combustion  [5,  6,  7]  and  determined  the  combustion  characteristics  We  are  currently 

belwee^the^as  and^olid  Dha  ra^*<i^U0^ant  convection  driven  FC,  due  to  thermal  nonequilibrium 
-.a  „ 8 "d 0 d Phases-  0f  course,  m microgravity  the  buoyant  mechanism  is  not  pos- 

rher  h™  1 erent  natural  mechanism  is  possible,  namely  oxidizer  diffusion  To  compare 
the  combustmn  characteristics  in  gravity  and  microgravity  environments,  i.e.,  to  determine  whether 

for  conftv  ' ■ a"d  °f  matCrial  proPerties’  carried  out  on  earth,  can  serve  as  a diagnostic 

for  conditions  in  space,  ,t  is  not  sufficient  to  only  compare  forced  FC  in  gravity  and  microgravity 

environments.  Results  for  other  driving  mechanisms  must  also  be  consideredf  incMng  the  ^ Z 
natural  mechamsms  referred  to  above.  These  am  cun-ently  under  investigation 
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INTRODUCTION  ^SHS)  is  some  special  kind  of  combustion  in 

Self-propagating  high-temperature  synth  ( and  yields  valuable  refractory 

solid  (powdered)  mixtures  that  occurs  in  an  au  ^ knQwn  to  involve  numerous  physical 
compounds  or  matenals  as  products  spreading  of  melt,  droplet  coalescence, 

processes,  such  as  melting  of  reagents 

diffusion  and  convection  in  liquid  meta  wth  and  sample  deformation.  Some  of  these 

in  .he  melt,  nucleation  of  ^ w"ks  made  up  .0  date  15-8]  have 

processes  are  affected  by  gravity  l , )•  conducted  under  microgravity  and  normal 

shown  notable  differences  between  SHS  process  con 

condition^  ^ ^ ^ ^ steady  combustion  "" 

density  of  charge  (at  normal  gravity,  mmimum ^ a ^e  ^ ^ lower  charge  density.  In  this 
Therefore,  we  can  also  expect  that  combustion  11  wdl  as  in  the  bulk  (loose) 

EXPERIMENTAL  terrestrial  conditions  and  aboard  the  MIR 

Our  experiments  were  conduc  e Station  were  preceded  by  ground- 

Space  Station  in  1997-98.  Experiments  abo^the MB Sf>^  ^ primarily  deslgned  for 

based  experiments.  Experiments  were  pe  design  of  the  experimental  set-up  and 

zone  melting  [9]  but  then  adapted  to  SH  . ^ |e  groUnd-based  and  microgravity 

experimental  procedure  were  completely  £ halogen  lamps  that  ensured 

experiments.  Sealed  reachon  "-d  llo  a spo,  of  .,5-20  mm  ,n 

sample  heating  up  to  1300  • located  around  the  sample  (Fig.  1). 

diameter)  radiation  from  three  ha  og  P f Aj  ciadded  with  Ni  (d  = 100-150  mm, 

In  our  experiments,  we  usee 1 sphen cal  es  of  A ^ clad  partially  melted  at 

WAl)  = 933  K,  Tm (Ni)=  1728  K r.(N,A Xy - » U I £ the  ratl0  „f  Ni/AI=l/l  for 
Tc,  Q = 1 18  5 kJ/mol).  The  thickness  of  g experiments  because  of  reliable 

each  cladded  particle.  Cladded  P^le^  ^e  of  separation  between  the  particles.  Two  types 
contact  between  reactants  (Ni  and  Al),  irrespect  P with  a density  of  3.45  g/cm  and 

of  samples  were  used:  (a)  cylindrical  2.37  g/cm3  and  porosity  of  53  % 

porosity  of  32  % and  (b)  loose  powders  with  *e ^ ^ere^pteced  in  evacuated  sealed  quartz 
(under  normal  g-condilions).  In  case  ( ),  P amnoule  volume)  to  powder  volume  being 

ampoules,  the  ratio  of  free  space  (pores  + unoccup^  ^ p.  ^ a Comt  )UStion  was  initiated  at 
70/30.  The  samples  used  in  dtese ^^experiments : me  ^ since  both  M and  A1  were  in 

the  bottom  of  the  quartz  ampoule.  0as  J'f  g „re  of  A1  vapor  „as  about  2 mm 

,hei,  condensed  (solid  or  liqu.d)  state.  At  Tc  - 1640  C,  the  pres 
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below  0.00019  mol/g.  mpUfUy  gaSCS  (large,y  water)  was  found  (in  ground  experiments)  to  be 

experimental  results 

The  effect  of  gravity  on  SHS  in  pressed  samples 

size  [8],  The5 surface  of  the' i°n  ^ gh°Und  retained  their  cylindrical  shape  and 

cracks  and  cavities  found  in  the  ground-burnt  samries  tfc r “ gl'“er’  and  has  n0 

drops  of  melt  formed  due  to  excessively  hiPh  intpP  > r — -°P  (mitiatl0n  Slde)>  we  found  the 
drops  (1-3  mm  in  diameter)  were  found  Tjn  ZTf  T*  ^ flux-  Several  rounded 
According  to  the  data  of  electron  probe  micro  i Y ^ the  t0p  °f  the  sPace-burnt  sample. 

phase  compositions  are  identical  (NiAl).  NarroweTcby  a fecto^oTlI  5)  peak100’  the,Chemical  and 

diffraction  pattern  of  the  space-burnt  sample  indicating  i } P Were  °bserved  in  the 

from  Fig.  4,  b the  NiAl  grains  are  lareT  nTht  c § ' CryStaI  Structure'  As  follows 

intercrystalline  fracture  is  prevailing  Meanwhile  PaCe'pr°duced  matenal-  F°r  this  material,  the 

transcrystalline  fracture,  which  is  evidenced  by  stmctufeT  in the'f  "““I?  CXhibitS  marked 

space-produced  material  is  more  uniform  with  lower  fraction  of , gramS‘  The  structure  of  the 

porosity  is  higher  in  the  ground-produced  material  wh The open 

space-produced  material.  Therefore  larger  ami  mnJ  V d P°r°Slty  18  higher  in  the 

microgravity.  Apparently,  micrograv’ity  affects  the  Were  f°Und  to  form  in 

convection.  micrograv.ty  affects  the  crystallization  process  due  to  the  absence  of 

The  effect  of  gravity,  on  SHS  in  loose  powder  and  particle  clouds 

without  volum^cha^  * IT®*  pr°Ceeds 

1 -5 1 g/cm  , porosity  70%)  and  acquires  the  shape  of  the  , C*blbltS  h,gher  Porosity  (density 

-n  the  loose  powder  (under  terrestrial  condition)  is  aboutTsTi^/i  At  mf‘  C°mbuStIf°n  Ve,0city 
time  we  observed  the  propagation  of  gasless  <sHq  „ .Cm/s-  At  m,crogravity,  for  the  first 

video-frames  of  this  Fif  3 Th'e  ” ^ d°Ud  “ ■ Some 

quartz  ampoule  with  the  fr0m  pr0pagates  al°"8 

globules  of  ™eTul'rshape  4'  C'  d.  Prevaili"8  ««  the 

skeleton  is  more  delicate  and  weaker  linked-  under  nr  ^ ,th  space'Produced  material,  this 
-“de.  Since  .he  expansion  is  diSi",egra,eS  ia'° 

suspension  in  vacuum,  with  the  particles  slowly  moving  in  the  dud  ^ C°mpnSed  °f  3 P°wder 

be  explained ly  the  spedLTharaaerXofb'ctS  a)"sh'porpslty  skdclHn  (bound)  structure.  This  can 
melting  point  of  Ni  ish!gher  , C'tdded  Ni“A'  Pa"iCleS  Si"“ 

Pieces  which,  upon  overlapping,  form  a skeleton  '.  “0^  UP  ^ ^ ^ Shaggy 

DISCUSSION 

more  perfeT^Zl^^  sa"tp'-  »f  NiAl  possess 

previous  experiments  [e  g 5-7|  the  finer  , "0,lng  'ha‘  ,he  most  of 

produced  materials  as  chared  ^ Tr™  ** 

& uy.  we  may  assume  that  increasing  of  the  crystal 
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grains  size  in  the  microgravity  oondiOWBto  and  becomes 

of  weightlessness  is  short  (as  in  the  Drop  Tower  or  Paraboitc  Fhghts 

experiments).  rtirip  ci0uds  is  the  most  interesting  result  of  the 

Gasless  combustion  of  the  vacuu:  p studied.  The  observations  and  video 

present  work.  A mechanism  of  this  process  1 ^ MIR  space  Station  shown  that  the 

recording  of  the  initial  powder  inside  ampoul  b ^ yolume.  After  ignition,  heat 

powder  particles  were  uniformly  distn  and  vacuum  may  occur  by  radiation 

transfer  from  burnt  to  unburnet  partuto  in  front  propagatlon  differ  significantly 

and/or  upon  collisions.  These  mechams  Qn  thermal  conductivity  and  convection, 

from  the  common  mechanisms  o due  tQ  change  in  the  shape  and  size  of  particles 

High-porous  continuous  structure  is  f high.p0rous  materials  and  items  with  a 

during  combustion.  It  can  be  us, ££££  reaction  ampoule), 
desired  configuration  (corresponding  to  the  shape 
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ig-  1 • Astronaut  A.Solov’ev  is  performing  SHS 

-P“tS  in  the  °Ptizon'1  facility  aboard 
the  MIR  Space  Station. 
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Fig.  2.  Overall  view  of  the  starting 
ampoule  (a)  and  the  samples  burnt  under 
normal  (b)  and  microgravity  (c)  conditions 
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F.g.  3.  Video-frame  sequence  showing  gasless  SHS  in  the  Ni-Al 
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A THEORY  OF  OSCILLATING  EDGE  FLAMES 

104  S. Wright  St.,  Urbana  IL  61801.  limey@uiuc.edu  ’ 

INTRODUCTION 

SJr-t  rsitvet:;  near-i,mit  ^ P„„,  „f  M,  tUe 

oscillation  is  characterized  by  tong  intervals TZZT^  r ^ ^ W EaCh  period  of 

like  those  of  a diffusion  flame,  puLtuatefbv  bTst  of  7 a"™*  ““  the  edge  gases  radia“= 
radiate  like  those  in  a deflagration  f5l  <t»h  t ^ f mpid  advance  during  which  the  edge  gases 

i^TtTsai* 11  m'Cr'|>graV*  ^ goth  e^pertmeMa^and  numerkal  {loTT^lT  ^ dear^on^td*s 

the  ^(hemispherical”  a ^ - -*  of 

to  the  NASA  web-site  at  http  //microffravitv  msf  ^ t0  extinctlon'  Thus  a web-surfer,  turning 

science/experiments/experimental  resulfs/candle  fl^11^'^  T*  f°IIowinS  the  trail  combustion 

candle  burning  experiments  to  S * “d  * °f 

station  Mir.  A brief  report  can  also  be  found  in  tL  Pace_shuttle  and  the  Russian  space 

And  recently,  in  alrd  mtorogravi^  ~ ^ **““>>  l4'' 

injection  of  ethane  through  the  porous  surface  nf  ’it  leadmS  edge  of  the  flame  supported  by 

oscillate  when  conditions^  ^ °Ver  " “ b‘°Wn  ^ be<!"  fou"d 

itself  which  oscillates,  advancing  thTff  * ^ fl1^  °bservations:  lt  is  the  edge 

oscillations  only  occur  under  near  limit  condTi  ^ dlffUS1°n  flame  that  trails  behind  the  edge; 
significantly  larger  than  1 l“se  7th  eZ"  ^ * of  ^ 

thr from  the  Iosses  from  the  reactlng 

expanded  form,  to  wT^^L^raLr11^10118’  ^ of  Parsim^y’  in  an 

iments;  and  no  new  mechanism  is  invoked  to  “ rT°nSlbleifor  the  oscillations  in  all  three  exper- 
Maringoni  effects  as  the  source  [6],  for  these  aje^sent^th  Such  a strategy  eliminates 

it  eliminates  arguments  that  point  to  numerically  nredicted  ^ thlrd  experiments-  And 

mechanism,  unelucidated.  7 P dlcted  gas  eddles  95  the  source  [10], [11],  a new 

^"2;  heat  lo^om1hriVinrmeChaniSm  ^ ^ inStability  is  a combination 
driven  by  these  mechamsmsl^ ^ ^ InStabibtl6S 
example,  leads  to  system  responses  which  mimic  th  lf  gUratl[>ns-  Chemical  reactor  theory,  for 
oscillations, extinction  [3].  In  a combustion  conte  & reS,P°nSe  ° tlie  candle  hame  - steady  flame, 
diffusion  flames  in  a theoretmal  2 ^ S ^ &St  ^ 

-oclaled  with  near-extinction  conditions,  largLwis 
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OSCILLATING  EDGE  FLAMES.  J.Buckmastcr  & Yi  Zhang 


A THEORY  OF  OSCILLAIWI*  — 

will  oscillate  if  the  Lew,  number  is  large  encmgh  illations  that  * exacted  when  heat  losses 
are  present,  whether  global  or  to  a surface  [7], 12]. 

THE  MODEL 

Our  model  is  designed  to  capture  only ^the  most 

within  a framework  that  is  consisten  , J = 1/2  and  an  oxygen-supply  boundary 

flame  within  two  boundaries,  a fue  ‘s'ipp  > wick/pool-surface/plate  surface,  the  latter  plays  the 
at  y = -1/2.  The  former  plays  the  role  of  the  wic  /p  ^ ^ ^ reactant  mass  fractions,  are 

role  of  the  surrounding  oxygen-laden  atmosp  er ^ everywhere,  on  the  lower  boundary 

specified  at  these  boundaries.  On  the  upper  = Q by  setting  T = 0 on  the  half-line 

Y is  zero  everywhere.  We  introduce  an  anc  =y  there  Qn  the  iower  boundary,  X - X0 
x < 0 at  the  upper  boundary,  but  £ the  base  of  the  wick,  the  transition  point 

everywhere.  The  point  x ,y  ' T , corresponds  to  the  dividing  point  between  the 

between  fuel-laden  wick  and  the  solid  wax^  ^ ^ the  third  experiment.  The  connection 

impermeable  portion  of  the  plate  and  th  P p ^ ^ ^ edge  there  is  uttle  evaporation, 

with  the  flame-spread  coition  “^boundaries  act  as  heat  sinks,  and  we  specify  the 
for  the  flame  provides  the  heat  tor  tins. 

temperature  at  each  of  them.  wbat  we  believe  are  unnecessary  fluid- 

nrect,^;— ,tld  we  fwmdimensiona,  solutions  governed  hy  the  system 

of  equations: 

|(x,y,T)  = v2(^.^-r)  + (-2’'2’1)Dxye 

There  are  no  convective  fluxes  between  * 

™ r — ~ — *-  - 

of  little  qualitative  consequence.  . r1/2  1/21  with  the  supply  conditions  that  we 

The  equations  are  solved  on  the  omain  [ ' _ j-5  we  assume  that  the  solution 

have  described  above  applied  at  the  " ^fined  by  the  two  appropriate  ID  solutions, 

is  locally  one-dimensional  and  app  y “V  h right  boundary  it  is  a strong  flame  solution, 

a :r."p^“e  to°  discr^ize  the  spatial  v^Wes,  with  time-advancement  based  on 
a low-storage,  5-stage,  4th-order  accurate  Runge-Kutta  sch  ■ 


RESULTS 

. _ , Tp  . = 2 When  the  Damkohler  number  D is  assigned  the 

Sirara^yrion^fob 

^ «-  toposrapiiy  at  * ■ 
(withdrawn  edge)  and  t = 2.84  (advanced  edge). 
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A THEORY  OF  OSCILLATING  EDGE  FLAMES.  J.Buckmaster  b « ZW 

R^cirrg  D to  1.6  X fO’  generates  os—  with  £T » ZgZ 

from  Figure  2a  which  shows  the  tempo rature  1 bis most  of  ^ interval  the  edge  slowly  retreats 
and  speed  of  the  front  over  a complete  period^  ^ ghoots  forwards  at  high  speed.  During 

or  rests  at  its  rearmost  position  but  m premixed  strutures,  Figure  3a,  but  during 

the  retreat  the  reaction  rate  ca^.^^^Bea  Figure  3b,  characterized  by  strong  premixed 
the  advance  a vigorous  tnbrachial  stru  ’ ^he  remarks  in  the  opening  paragraph), 

branches  in  addition  to  the  trailing  diff  number  of  the  fuei  is  reduced  to  1.5.  In  that 

Oscillations  are  not  observed  when  ’detachment’  of  the  edge  from  the  anchor 

case,  reduction  of  the  Damkohler  number  edge  flame  with  negative  propagation 

i — - - - — 

experiments. 
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i c w i i CONDITIONS  1 1 Y 

1.  S.  Wichman1  and  S.  I oicnn2  lr>  _ 

University,  East  Lansing,  MI  48824  Mechanical  Engineering,  Michigan  State 

Combustion  Division  Ota-  Research  ““W 

Cleveland,  OH,  44135,  sandra.olson@grc.„aigov  P R°ad’ 

INTRODUCTION 

instability  of  diffmLn Kes  063^01^1^^  C,0nf,gUration  in  order  to  examine  flame-front 
instabilities  can  transform  <benno-diffi,s,ve  and  hydrate 

jmssibly  fragmented  from.  Under  ordinL  L Zdifl™  TF  "Iegulari>'  ^d,  corrugated, 
hermo-dtffusive  and  hydrodynamic  i^aWllties  and  ^“'^"duced  How  masks  the 
spread, ng  flames  have  been  observed  for  decad^o  ^ ^ 

diffusive/hydrodynamic/rj Sbi%  f™ts.  The  thermo- 

flame  oscillations  observed  by  Dietrich  et  al  ril  e \a  flames  such  as’  for  example:  the  candle 
fltgh..  Drs.  T.  Kashiwagi  and  S.  0™o„  have  « -cent  Space  Shuttle 

rate  to  the  hot,  reactive  surface.  d the  atter  to  a lowered  oxygen  transport 

the  buoyancy  ph™  a°"  'T  V*  "°W'  °r  *»**.  Educed  by 

secondary  mechanisms,  such  as  differential  thermo  d,m,  r"  c,  'hcrcb-v  enabling  previously 
mechanisms.  The  flame  leading  edge  be^^f^J° . be^me  «*  most  important 

rejoining  all  occur  at  a measurable  frequency  of  approximate  “0“  £™abreak^  °SCflla,i°"- 
This  project  has  only  begun  in  January  of  this  vear  1Q00  t rj 

NAsToT  °a  ?ame  spread  ‘"Abilities.  However  we’havt  mlde  'e’  *”*  haVe  been  n0  flighl 

NASA  2.2  and  5 second  drop  towers  on  flame  SDreld  made  numerous  experiments  in  the 
been  very  fortunate  through  a combination  of  factors  ro  b ^ celjul°sic  fuels.  We  have 

“memsYJ ^ro?oSy  drop™'  %%  “ SECOND  «OP  TOWER 
in  the  NASA  2.2  second  drop  tower  The  CTR  is  a grav,ty  Combustion  Tunnel  Rig  (CTR) 
of  oxidizer  for  flame  spread  white llg  dropp  d nTe  , Tf  T T,  ^ - « flow 
used  here  was  Menu's  at  atmospheric  pSTa  The  range  ofoPP<>sed  flows 

drop,  supplies  a plenum  chamber  that  contains  thelam^tewhh ^17°"^’  Wh‘Ch  'S  fi"ed  Pr'°r  to  the 
be  air  or  some  other  Oxygen/Inert  mixture  Th^  fi  P • ^ Premi*ed  oxidizer,  which  may 

bottom  of  the  rig  and  Is^LllX^SSi^:  ',S  ^ ^ 3 Prcss“re  ^gulator  auhe 
plates  and  a porous  plate,  before  entering  the  combS lightened  by  parallel 
downstream  end)  of  the  chamber  is  used  ,0  extost  flowlg  ^duct  gair"'  **  ""  '°P  (U  " 
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DIFFUS,ON  FLAME  TIP  INSTABILITY  IN  FLAME  SPREAD:  L S.  «•»-  - S L °“ 

TWO  video  *e 

cC^C.ThracHBg  and  Image  Passing  software. 

The  fuel  used  was  Kimberly  Clark  brand  m alumina- 

l-g  conditions  at  their  topmost  end  usrng  a " ho  Pfik  as  possible.  A metal 

ceramic  rod.  Care  was  taken  to  produce  as  flat  or ' ~gd  jn  order  to  produce  a heat  smk  to 
backing  placed  at  a small  distance  from  *e  samp  PJ  e ^ the  metal  sheet  did  not 

the  flame  spread.  The  metal  was  steel,  0.001  in.  • ^ purpose  of  the  metal  backing 

touch.  And  the  separation  distance  was ^^flame  that  would  result  in  a near-extinction  flame 
was  to  produce  a heat  smk  to  the  spreading^  If  the  backing  were  not  used  weaker 

spread  in  air  and  with  non-neghgible  1 inflow  rates  would  be  necessary.  Under  sue 

Oxygen/lnert  mixtures  would  be  needed  become  increasingly  difficult,  as  was  determine 

additionally  weakened  c^difi^’  Without  die  backing, 

in  preliminary  experiments  wi  “forcing”  via  heat  loss  was  deemed  necessary, 

instabilities  were  observed.  Hence’  *e  f spread/heat  loss  behavior  is  predicted  from  the 
lowered  Oxygen  concentration.  This  flmn  P^  ^ ^ for  thicker  fuels  such  forcing  is 

in  the  1-to-zero-g  transition  of  the  drop. 

We  have.  ,o  date,  no, 

The  sample  is  ignited  at  its  doWn jThi’betn  established  after  many 
planar  in  l-g.  The  rig  is  then  dropped  to  P™du“  “ 8^ese  flanleleK  usually  number  three,  and 
Lts  that  the  spreading  flame  fragments  into  flmnelets^  n elliplical  in  shape  (viewed 

they  continue  to  spread  in  ftie  s.reamwise  d.rectiom  Ttay^ie  gen^  ^ ^ f 

from  the  top)  with  the  larger  di.nensKm  be  g P ri)  (lamelet  surface-covering  area 

A Kr°‘e  ^ ^ 

different  from  the  1 -g  flame . 

a in  tVipKp  tests.  As  expected,  the  range 
Two  different  backings,  steel  and  broader  for  the  steel  backing.  This  had 

of  conditions  for  which  flamelets  were ^ sma,|er)  than  ,he  aluminum,  for 
a much  lower  thermal  conductivi  y <aPPr“™a  ywas  much  narrower.  With  the  steel  backing, 
which  the  range  of  conditions  allowing  3cm/s  flow  produced  three  evenly  space 

numerous  tests  were  conducted  in  whic  a similar  and  as  noted  above,  no  more  than  one 

flamelets  across  the  sample  width.  Their rat ks  wen  ’ flamelets  was  bright blue-  ttaf iag 

irex — ■ ~ — - “ **" 
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DIFFUS.ON  FLAME  TIP  INSTAB, LITV  IN  FLAME  SPREAD  | S W H , 

orKtAU.  I.  i>.  Wichman  and  S.  L.  Olson 

Generally,  as  these  flamelets  extinguished  thpv  ^ 

both  the  top  and  front  view  planes.  This  finding  waHo T?erical  in  shaPe’  interestingly  in 

S2SS.-5S- ° ^^sasxsssss. 

combined  to ^ “ 4 c”/s"  the  elliptical  flamelets 
flamelets.  ben  ,hls  fr“"‘  fragmented  once  again  into  separate 

Our  data  analysis  has  been  limited  because  nf  *.  ,•  ■ 

examination  by  Tracker  3 software  We  ate  attemi*  prel,ra,na0'  nature  of  our  work  to  visual 
sheet,  by  filtering  of  extraneous  «veta^ “X  “ * 1 TT*  '°  ^ ^ °f 
IS  presently  continuing.  We  have,  to  date  made  no  d Part'ally  SUCCeSsfil1' bu' work 
measurements.  These  and  other  quantitative  measurements  are  plLeX^fiim^perime” 

v-sr  nd  drop 

1998.  A large  preliminary  effort  was  required  to  mak’etb  5_second  tests  m the  late  Fall  of 
act  ity.  This  was  caused  chiefly  by  the  difference  between  h comparable  with  the  5-second 
atmosphere  (2.2  sec.  tower)  and  a vacuum  5 Tec  towS  o„  m”8  m,°  3 pressure  °f  »"e 
made,  numerous  drop  tests  were  conducted  in  hie^oon'  , 'he  pr0per  adjustments  were 
successful,  producing  results  largely  t atmd  wim  m-  '"9'  TheSe  tes,s  ^re  very 
differences  were  the  following:  fL,  the  flow 1™ did  » h ^ ab°Ve'  The  P™^' 
breakup  and  oscillations  were  easier  to  quantify  aTta  fins  ?VC  '°  * 35  lar8e’  second,  the 
he  former  was  apparently  the  decreased  g-jitter  ass^te^!"”*  P[edic,able-  Tbc  reason  for 
sec.  Tower,  Approximately  one  order  of  magnitude  i™  ' mUch  smoother  drop  in  the  5- 

for  the  lafter  is  increased  observation  taC  XT  "i  “*  “ «'“*«  The  reason 
respects  similar  to  those  described  in  Sec  2 In  T h Aamclets  are  usually  formed,  in  all 
partially  off  the  sample  onto  the  Xl^holder  wTnch  T™’  'T  flamde‘S  appe3red  “ migrate 
reason  was  decreased  heat  losses,  because  the  ’metal  h^  L °f  a"  msu|ati<)n  ceramic.  The 

behind  the  combustible  sample.  Hence,  the  flame  segment?  C°Vered  °"ly  the  region  directly 
heat  losses  than  the  segment  remaining  over  the  sample  m'8  °Ver  'he  edge  had  lower 

PREUMWARY  PLANS  FOR  FLIGHT  EXPERIMENTS 

characterize  mtr  planning  for  thT  gmun^based^l^rop  mstT  **  ~~  ^ 

the  sounding  rocket  or  the  KC-130.  In  other  words  he  f ^ Subse<*uent  fli8ht  tests  such  as 
below  wil,  dictate,  a large  degree,  the  approach^ 

Our  flight  experiments  shall  focus  on  the  following  quantities: 

• Thick  ftdstTex^g^t^tte*Lstab^Iitygrowflln0ten0n"P*ana^P^On,  *nstab*flV- 

alS° promotes '"Stability. 

We  list  the  experimental  diagnostics  for  flight  experiments.  It  is  desirable  for  the  ground  based 
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diffusion  flame  tip  instability  in  flame  spread. 

testing  to  employ,  subject  to  space  limitations,  as  many  of  these  diagnostic  tools  as  possible. 

. Multi-spectral  UV-Vis  " 

visualizing  reaction  zon  camnle  surface  and/or  side. 

from  the  top  looking  do™^nth^amPR  ,he  samplc  surface  for  non-umform 

• Narrow  band-passed  (3. 

-spectra,  capability  for  visualizing  fire,  and  product 

• Gas-pbase  IK  _ gQQ^y 

distributions  (C-H  compounds  * 2 , Q s,ow  framing  rate,  camera  has  excellen 

. Oblique-view  35mm  camera  for  perspective.  p 

resolution,  sensitivity,  and  dynamic  range. 

• Surface  and  subsurface  TCs.  Gas  s. 

THEORETICAL  WORK  pained  on  diffusion  flame  tips[3-5].  We  refer 

Our  theoretical  research  will  buildsupon  know  g g fdiffusion  flames  are  controlled  by  a 

io  our  theoretical  solutions  as  the  ^'^^“h^t  loss  to  die  surface,  and  convection 
complicated  interaction  between  ampli  ic  highest  at  or  very  near  the  point  of  flame  tip 

- -is  r^sn'r  - - — pom,.  Differential 

SSSSrf the  mac, ants  strongly  alters  the  dame-tip  structure. 

, • ftLp  flame  tit)  141  Far  from  the  surface  it  was 
our  previous  research  demonstrated 0 ixed.flame  wings.  Near  the  surface  ,, 

a pure,  stereotypical  gas-phase  triple  flame  w ™ P . to  a point  This  is  in  complete 

became  a flame  nub,  whose  wings  a no  d y different  behavior  from  the  trailing 

agreement  with  computations.  This  fla^  nu  mplicated  two-dimensionality  of  the  flame-tip 

dfffusion  flame  arc.  In  our  work,  ^ "toured ^ conservation  equations.  We  will  continue  to 
State  »mSi»sioX  of iedrne  leading  edge  in  our  work  on  flame  instability. 

' -bus, ion  workshop,  NASA  Conf.  Pub.  No. 

_ Xn  U >>oin,  Diffusion  Flames  Over  a Solid  Fuel, 

' Ph  D.'  Thesi's,  Case  Western  Rvserve  Umversit^  l bustion  Science,-'  8*  International 

3-  S.  H.  Chan,  ed.Taylor  and  Francs, 

4 — Adachmen,  Near  Cold  Surfaces,  Combustion  and 

Flame,  117,  pp.  384-393(1999).  G "Heat  Flux  from  a Diffusion  Flame  Tip 

5 m aiAd^acent '^ufac^  ^ice^e^^publication  in  Combustion  and  Flame,  to  appear,  1999. 
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DIFFUSION  FLAMES:  EXTINCTION  AND  STABILITY 

Moshe  Matalon,  McCormick  School  of  Engineering  and  Aonlied  Sriemv 
orthwestem  University,  Evanston,  IL  60208-3125,  matalon@nwu.edu  ’ 


INTRODUCTION 

Some  of  our  recent  results,  [1-3,  9,  14- 171 
diffusion  flames  are  summarized  below. 


concerning  extinction  and  stability  properties  of 


EXTINCTION  LIMITS 

inherently  unsteadyltoTdro^  30  oxidizing  atmosphere  is 

configuration  that  leads  to  steady  flames  i/the  h **  ^ ^ Vap°r  ,S  consumed-  An  alternative 
flame.  Current  experiments' ^ d « °n 

Med  duration,  show  the  flavin  aCsiTS^d * *"7"  ***  « of 

steady  spherical  flame  is  a solution  of  the  conservation"1^8  ! ° ”lpen“nt'  Nonetheless,  a 
appropriate  experimental  conditions  A detailed  d quatlons  and  may  be  attained  under  more 
given  in  [16-i7J  for  geneml  nonmnitv  . e T'°"  °f  ^ flame  “™«ure  was 

characteristics  in  terms  of  the  mass  fin  y * t™'*  nUmbers‘  The  resuIts  identify  the  burning 
supplied  to  the  sphere  in  units  of  the  * the  r3te  3t  which  foel  is 

sufficiently  low  values  of  M namely  when  f^  v 5^'-  * ^ f°Und  that  extmctlon  occurs  at 

extinction  value  Mmin  is  ~ ™ The 

and  oxidant,  respectively)  as  illustrated  in  Fi^  8-9  of  Ref"  MfifT  ^ ^ ^ ^ ^ 

sustained  for  sufficiently  low  injection  velocitipffnr  h n u 16]'  A dl£fdsion  flame  can  be 

not  for  hydrogen-air  flames,  S wWch  f < t ex^i  ^ f°r  wWch  *>  1.  but 

example,  is  as  low  as  l(y4g/s.  ' tUlc  lon  value  f°r  a propane  air  flame,  for 

and  oxidant  Ld  with  SheCt’  W'th  COmplete  consumption  of  fuel 

adiabatic  limit  is  predicted.  Experiments, 
however,  have  shown  spherical  flames  that 
continue  to  decrease  in  luminosity  and  eventually 
extinguish  as  they  grow  in  size.  Evidence 
suggests  that  radiative  loss  may  be  a responsible 
mechanism;  radiative  heat  loss  from  the  flame 
scales  with  the  volume  of  the  radiating  species 
and  is  therefore  more  pronounced  for  large 
flames.  By  incorporating  the  effects  of  thermal 
radiation  from  a finite  shell,  ignoring  the 
chemical  consequences,  we  obtained  [17]  an 
upper  extinction  limit  for  M.  Typical  response 
curves  showing  the  flame  temperature  7}  as  a 

the  ^ppe  ^branch^^^  finite^  ^ ^ ******  r"  states  are  those  on 

N0.e  Ifla,  the  flammaflle 


T, 


0=2.1*10 
,2.0*10' 
1.9*10“ 


0.15  0.20 


0.25  0.30 

Figuifel  1 


0.35  0.40 


167 


DIFFUSION  FLAMES:  EXTINCTION  AND  STABILITY.  M.  Matalon 


0.8 

Figut^2 


losses  are  too  large  a steady  flame  is  no  longer  1 

possible.  We  note  that  the  flame  temperature  a l 

the  radiative-extinction  limit  is  lower  by  neary  • . 

500K,  when  compared  to  the  flame  temperature  \ \ X^/8 

at  Mnu„,  as  also  noted  in  [19].  0.4  "N\  \ l\  \\ 

The  effects  of  the  Lewis  numbers  on  the  ^ \ .5  \ \ \ 

flammable  region  are  shown  in  Fig.2_  Here  the  - LF=.3  \ ) ) j j 

allowable  range  of  M is  shown  as  a function  of  Q 2 j / / 

the  oxidant  Lewis  number  Lx  for  selected  values 
of  the  fuel  Lewis  numbers  Lf.  Thus,  it  is 

expected  that  a methane-air  flame  for  which  Lf~  o.Oq  4 06  0 8 i .0  12 

0 96  and  Lx  ~ L01  can  be  stabilized  near  the  Figub^ 

sphere  for  moderate  values  of  the  mass  flow  rate. 

However,  when  helium  is  added  to  the  system  as  __  ^54  and  with  these  values  steady 

inert,  the  effective  Lewis  numbers  become  f ~ • microgravity  experiments  in  order  to 

— but  ,Ms  produce 
different  eflectta Uwis  numbers  with  unwarranted  consequences. 

CELLULAR  DIFFUSION  FLAMES.  -s  the  spontaneous  development  of  cellular  flames. 

One  form  of  an  intrinsic  instability  in  ames  is  carried  out  in  premixed  systems, 

rx  ^ 1: x:— 

SS“"Jn^oHhe"™re  completely  consumed  reactant  was  sufftcently 

low  Based  on  a one-dimensional  model  [2,15],  a 

stability  study  was  performed I in  the t* 

large  activation  energy  and  genera  ♦ ♦ ♦ ♦ * . * * * 

numbers  distinct  from  one.  The  analysis  reveals  08  * . V, 

that  a Burke-Schumann  flame  sheet,  correspon-  0.7 1 4 4 \ ‘ . X, 

ding  to  complete  reactant  consumption  (i.e.  with  06  ‘ 4 . " . N„ 

the  Damkohler  number  D -* 00 ) W 0 5 “X*  * ‘ ' 

nally  stable.  Cellular  mstabihty  may  only  occur  04  » 

the  case  of  incomplete  combustion  «L  w * * ’ . 

significant  leakage  of  one  of  the  reactants  l 4 ‘ 

through  the  reaction  zone;  it  is  thus  limited  01  * 4 ?.  . I 

D<D<D'  where Dex  corresponds  to  extinction.  0!i  02  o'a  o.V  0.5  m 0.7  a*  09 

The  onset  of  instability  occurs  when  D is  Figure  3 

reduced  below  D , and  indeed,  experiment  with  high  flow  rates  conditions  (i.e. 

indicate  that  the  onset  of  cellular  flames  is 1 usu  y redictions  also  show  that  no  instability 

low  values  of  D),  or  with  near-extmction  condiuons.  Our  pred^  ^ Lewis 

occur  when  both  Lewis  numbers  equals  to  , ^ ^ results  Fig.3  show  regions  of 

numbers  must  be  less  then  some  cn  jea  numbers,  for  different  values  of 

stability/instability  in  terms  of  the  fuel  and  oxiaam 
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^ 8c~D-Dc  . Note  that  as  D increase  u,p  c ■ 

complete  agreement  with  experiments  hvd  ° mS'ability  shrinks’  as  “ should.  Thus,  in 
hydrogen  is  diluted  in  nitrogen  ™ 35)  or  ^ wU1  •*“■»  cellular  when 

ow.  Cellular  flames  will  J be  le^fd  wta  S ^ V?  bec—  L?is  «*"  sufficient" 
larger  then  the  critical  value.  We  also  fol^tha,  a,  , t “ for  the"  - 1.02  is  much 

rate  occurs  at  a wavelength  ~2ntk  with  h ' 1 ‘nstabll,ty  lhc  maximum  growth 

growth  rate).  The  predicted  cell  sizeTs  therrfT  8 ; A = 5 « and  a is  the 

magnitude  to  the  cell  size  observed  experimenmllyTol  *“«.  comparable  in 

occurs  near  the  extinction  limit,  i.e.  when  D*~n  th  • m ’ When  the  onset  of  instability 

comparable  to  the  reaction  zone  thickness  as  found  h growth  rate  becomes  very  small, 

has  been  limited  to  the  case/.,  =LX<  1 they  only  founder  t f (1"6)‘  ^ analysis’  which 

comparable  to  the  thickness  of  reaction  zone  68  with  very  short  wavelengths, 

pother  important  parameter,  besides  the 

flame  S’  * ^ initial  length, 

rhe  flame  appears  more  susceptible  to  cellular 

instability. when  the  initial  mixture  was  either 

ean  or  rich,  depending  on  whether  fuel  or 

oxidant  is  the  reactant  supplied  with  the  feeding 

lean^1  3 ’ f°r  examPle’  corresponds  to  a 

ean  system  in  which  the  net  mass  flux  through 

he  reaction  zone  is  directed  from  the  fuel  side 

towards  the  oxidant  side  (i.e.  the  oxidant 

ffiises  against  the  stream).  In  richer  systems 

°SCILLATiONS  IN  DIFFUSION  FLAMES 

dim, the  subject  of  probilm form  °fdan  instability’  whicb 

diffusion  flame  surrounding  a liquid  ftiel  drank/  To  ™ ^ W3S  that  °f  a sPhencal 

thUa7thUreh  and  rClate  thC  fU,dingS  to  the  microgravity  candTlw  ^ St3biIizing  *"**«*»  of 
at  the  burning  occurs  in  a reduced  oxidant  ambient  Wp  h 2xpenments  [6],  we  assumed 

vo  umetnc  heat  loss  term  accounting  for  examnlp  fn  a-  • 3VC  3 S°  ,nc^uc^ed  in  the  analysis  a 

diffiiskm  flame  is  stable  for  sufficiently  “ Wi“S  f°Und  a*ain  lhat 

flame  sheet  with  complete  consumption  of  ftiel  and  oxidam  ^ a ' ' t,le  Burke-Schumann 

were  found  for  moderate  values  of  D only  Also  for  u„u  V*  Uncond,t,onal|y  «able.  Oscillations 

heal  loss,  the  flame  was  always  found  stable  Os’ctaion L T "UmberS  a"d’  “ ,he  absa"«  of 

number  is  sufficiently  larger  than  one.  Thus  forint  k ? °"'y  When  ‘he  effeC,ive 

IS  reduced,  so  as  to  lower  D,  critical  cond.Hn  P hCn  thC  3mbient  0xidant  concentration 

oscillations  develop.  By  reducing  the  oxidant  concentration  fiirth^h  WhiCh  sPontaneous 

■"oifr  « “E Sr 

promotes  flame  extinctton.  the  presence 
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°$r  :"ma,to„s  described  here  ~ " U 

microgravity  candle  flame  experiments.  Candle  supporting  the  diffusion  flame  is 

ttZTJZ  - r 

candle  ^ t0  the  0„set  „f 

when  sufficient  amount  of  fuel  droplets  were  added  toteM  «P • the  diffusion 

flame  occurs.  Under  the  same  "“'of  low  ftequency  - l-5Hz.  The  operating 

flame  was  steady.  The  observed  okUMbus  ,hose  suggested  earlier  as  responsible 

conditions  of  the  aforementioned  expe^nB  comp  y^  coTOsponding  to  heptane  vapor  ts 

for  spontaneous  flame  oscillations.  . bte  amount  of  heat  loss  from  the  flame  used  to 

sufficiently  larger  then  one  there  * a PP  dj  iona,  model  that  appears  to  describe 

SEE  was  found  to  be  of  the  same  order  o, 

magnitude  as  in  the  experiment. 

r "up“  y the  microgravity  combustion  program  under  NASA  sponsorship: 
project  NAG3-1604. 
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HYDRODYNAMIC  INSTABILITY  AND  THERMAL  COUPLING  IN  A 
DYNAMIC  MODEL  OF  LIQUID-PROPELLANT  COMBUSTION 

S.  B.  Margolis,  Combustion  Research  Facility,  MS  9052,  Sandia  National  Laboratories 
Livermore,  California  94551-0969  / margoli@sandia.gov 

EXTENDED  ABSTRACT 

• i j notrlon  of  hydrodynamic  instability  in  combustion  originated  with  Landau’s  sem- 
mal  study  of  premixed  flame  propagation.1  In  that  work,  it  was  postulated  that  a flame 
could  be  represented  by  a surface  of  discontinuity  propagating  normal  to  itself  with  con- 
stant speed  It  was  then  determined  that  a premixed  gaseous  flame  was  intrinsically 
unstable  to  steady  (cellular)  disturbances.  This  specific  form  of  hydrodynamic  instability, 
generally  referred  to  as  Landau  instability,  also  occurs  in  the  combustion  of  liquids,  and 
was  briefly  addressed  at  the  end  of  Landau’s  original  study.  In  that  problem,  the  unburned 
mixture  is  a liquid  propellant  and  the  burned  region  consists  of  gaseous  products.  The 
physical  existence  of  a liquid/gas  interface  led  to  the  inclusion  of  additional  physics  in  the 
model,  namely  surface  tension  arid  gravitational  acceleration  (downward  propagation  was 
assumed).  Consequently,  a stability  criterion  was  derived  such  that  the  liquid/gas  interface 
was  either  hydrodynamically  stable  or  unstable  in  the  Landau  (cellular)  sense,  depending 
on  the  product  of  gravitational  acceleration  and  surface-tension  coefficient  being  greater 
or  less  than  a critical  value.  This  result  was  later  extended  by  Levich,2  who  considered 
the  effects  of  (liquid)  viscosity  in  lieu  of  surface  tension  and  obtained  a similar  result 

1 he  assumption  of  a thin  reaction  region  or  sheet  is  often  a valid  and  useful  approxi- 
mation, but  the  assumption  of  a constant  normal  burning  rate  is  now  regarded  as  an  over- 
s nnph fi cation  when  applied  to  the  problem  of  combustion  instability.  Early  attempts  at 
modification  postulated  a linear  relationship  between  burning  rate  and  flame  curvature,3 
while  more  recent  approaches  have  employed  asymptotic  methods  to  analyze  the  flame 
structure  and  derive  locally-dependent  expressions  for  the  burning  rate.4-7  In  propellant 
combustion,  on  the  other  hand,  it  has  long  been  customary  to  experimentally  measure  the 
piessure  response,  or  pressure  sensitivity,  of  the  burning  rate,  as  well  as  (to  a lesser  extent) 
its  temperature  sensitivity.  Although  asymptotic  models  that  resolve  the  combustion-wave 
structure  can  be  developed,  the  representation  of  combustion  as  a surface  that  prop- 
agates according  to  a prescribed  burning-rate  law  allows  one  to  circumvent  the  intricacies 
ot  the  combustion  region  and  to  impose  fewer  restrictions  on  the  hydrodynamic  model. 

Ihus,  foi  liquid-propellant  combustion,  the  Landau/Levich  hydrodynamic  models 
have  been  combined  and  extended  to  account  for  a dynamic  dependence  of  the  burning 
rate  on  the  local  pressure  and  temperature  fields.1112  Analysis  of  these  extended  models 
is  greatly  facilitated  by  exploiting  the  realistic  smallness  of  the  gas-to-liquid  density  ratio 
p.  eglectmg  thermal  coupling  effects,  an  asymptotic  expression  was  then  derived  for  the 
cellular  stability  boundary  Ap( k),  where  Ap  is  the  pressure  sensitivity  of  the  burning  rate 
arid  k is  the  disturbance  wavenumber.13  The  results  explicitly  indicate  the  stabilizing  ef- 
ec  s o gravity  on  long-wave  disturbances,  and  those  of  viscosity  and  surface  tension  on 
short-wave  perturbations,  and  the  instability  associated  with  intermediate  wavenumbers 
for  cntical  negative  values  of  Ap.  In  the  limit  of  weak  gravity,  hydrodynamic  instability 
in  hquid-propellant  combustion  becomes  a long-wave  instability  phenomenon,  whereas  at 
noima  giavity,  this  instability  is  first  manifested  through  0(1)  wavenumbers.  In  addition 
surface  tension  and  viscosity  (both  liquid  and  gas)  each  produce  comparable  stabilizing 
effects  m the  large- wavenumber  regime,  thereby  providing  important  modifications  to  the 
pi evious  analyses  in  which  one  or  more  of  these  effects  was  neglected.  For  Ap  = 0,  the 
Landau/Levich  results  are  recovered  in  appropriate  limiting  cases,  although  this  tvpically 
coi responds  to  a hydrodynamically  unstable  parameter  regime  for  p <?C  1 _ 1. 2,13 
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In  addition  to  the  classical  cellular  form  of  hydrodynamic  stability,  there  exists  a 
pulsating  form  corresponding  to  the  loss  of  stability  of  steady,  planar  burning  to  time- 
dependent  perturbations.14  This  occurs  for  negative  values  of  the  parameter  Ap,  and  is 
thus  absent  from  the  original  Landau/Levich  models.  In  the  extended  model,  however, 
there  exists  a stable  band  of  negative  pressure  sensitivities  bounded  above  by  the  Lan- 
dau type  of  instability,  and  below  by  this  pulsating  form  of  hydrodynamic  instability. 
Indeed  nonsteady  modes  of  combustion  have  been  observed  at  low  pressures  in  hydroxy- 
lammonium  nitrate  (HAN)-based  liquid  propellants,  which  often  exhibit  negative  pressure 
sensitivities.15  While  nonsteady  combustion  may  correspond  to  secondary  and  higher-order 
bifurcations  above  the  cellular  boundary,16  it  may  also  be  a manifestation  of  this  pulsating 

type  of  hydrodynamic  instability.  ....  . , . . 

In  the  present  work,  a nonzero  temperature  sensitivity  is  incorporated  into  our  previ- 
ous asymptotic  analyses.1314  This  entails  a coupling  of  the  energy  equation  to  the  previ- 
ous purely  hydrodynamic  problem,  and  leads  to  a significant  modification  of  the  pulsating 
boundary  such  that,  for  sufficiently  large  values  of  the  temperature-sensitivity  parameter 
liquid-propellant  combustion  can  become  intrinsically  unstable  to  this  alternative  form  of 
hydrodynamic  instability.  For  simplicity,  further  attention  is  confined  here  to  the  mviscid 
version  of  the  problem  since,  despite  the  fact  that  viscous  and  surface-tension  effects  are 
comparable,13,14  the  qualitative  nature  of  the  cellular  boundary  remains  preserved  in  t e 
zero- viscosity  limit,  as  does  the  existence  of  the  pulsating  boundary. 

The  mathematical  model13  adopts  the  classical  assumption  that  there  is  no  distributed 
reaction  in  either  the  liquid  or  gas  phases,  but  now  the  reaction  sheet,  representing  either 
a pyrolysis  reaction  or  an  exothermic  decomposition  at  the  liquid/gas  interface,  is  assume 
to  depend  on  local  conditions  there.  Within  the  liquid  and  gas  phases  the  various  physical 
properties  are  assumed  constant,  with  appropriate  jumps  across  the  phase  boundary,  i he 
downward-propagating  liquid/gas  interface  is  then  sought  as  a function  of  space  and  time, 
with  the  steadily-propagating,  planar  state  serving  as  the  basic  solution  whose  stability 
is  to  be  investigated.  The  nondimensional  mass  burning  rate  A,  and  hence  the  motion  of 
this  interface,  is  assumed  to  be  a local  function  of  the  nondimensional  (gas)  pressure  p and 
temperature  ©.  Consequently,  two  parameters  Ap  = dA/dp  and  A©  - dA/dQ  emerge  in 
the  linear  stability  analysis,  representing  the  pressure  and  temperature  sensitivity  of  the 
burning  rate  (evaluated  at  conditions  that  exist  at  the  unperturbed  gas/liquid  interface). 
The  governing  equations  then  consist  of  conservation  of  mass,  momentum  and  energy  in 
each  phase,  subject  to  appropriate  boundary  and  interface  conditions. 

Determination  of  the  neutral  stability  boundaries  that  separate  regions  of  steady, 
planar  burning  from  regions  of  nonsteady  (pulsating)  and/or  cellular  instability  is  again 
facilitated  by  exploiting  the  limit  p < 1.  In  particular,  we  introduce  a bookkeeping 
parameter  f«l  and  consider  the  realistic  parameter  regime  p — p e,  7 ~ ©U)  anc|  eitnei 
pr-i  _ q ^ o(l)  or  Fr~l  = g*e  ~ 0(e),  where  7 is  the  nondimensional  surface  tension 
of  the  liquid  and  Fr_1  is  the  inverse  Froude  number,  taken  to  be  0(1)  for  the  case  of 
normal  gravity,  and  0(e)  in  the  reduced-gravity  regime.  Realistic  values  for  e are  on  the 
order  of  10~3  or  10-4.  In  this  parameter  regime,  it  turns  out  that  the  appropriate  scaling 

■ * ' A*  - whereas  the  appropriate 


A;e 


for  Ap  that  describes  the  neutral  stability  region  is  Ap  * 

scale  to  describe  the  primary  effects  of  thermal  coupling  turns  out  to  be  A©  = A*Qtl/A. 
Thus,  A©/A  ~ 0(<r3/4)  is  at  least  as  large  as  the  nondimensional  activation  energy  N, 
consistent  with  an  Arrhenius  dependence  of  the  burning  rate  on  temperature. 

In  the  limit  A©  = 0,  the  results  obtained  from  the  dispersion  relation  are  as  follows. 
First  (see  Figure  1),  the  pulsating  hydrodynamic  stability  boundary  is  given  to  leading 
order  in  e,  by  A*  = — p*,  with  instability  occurring  below  this  critical  value.  For  the  cellular 
stability  boundary,  the  corresponding  leading-order  expression  depends  on  the  magnitude 
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^ ^avenumber  In  particular,  there  are  three  wavenumber  scales  to  be  considered; 
the  0(1),  or  outer,  scale  k,  a far  outer  scale  kf  = ke,  and  an  inner  scale  defined  by  either 

1 ~ OiX)  or  = k/e2  if  Fr_1  ~ 0(e).  Obtaining  expressions  for  the 

cellular  stability  boundary  in  each  region  and  matching  them  to  one  another,  a uniformly 

valid  composite  expansion  A*(c)(A;)  may  be  constructed  in  the  region  A*  < 0 (the  basic 


solution  can  be  shown  to  be  unstable  for  A*  > 0).  The  cellular  boundary^  thus  given  by 

,W-  1 -*  + V2^  + / V2*'  -F>-‘~0(1) 

2 


~2P 


lk  + 


{ 


(1) 


, , J c . . v - . *9* /2k,  Fr-1  ~ 0(e) , 

where  the  definitions  of  ki  and  kf  have  been  used  to  express  the  final  result  in  terms  of  k. 

vr  1S  ^een  Figure  1 that  there  is  a stable  region  between  the  pulsating  and  cellular 
stability  boundaries  for  A©  = 0,  and  this  result  is  enhanced  when  viscous  effects,  which 
play  a stabilizing  role  with  respect  to  both  boundaries  for  sufficiently  large  wavenum- 
bers, are  included  in  the  analysis.13,14  As  for  the  Landau  (cellular)  form  of  hydrodynamic 
instability,  gravity  and  surface  tension  are  stabilizing  for  small  and  large  wavenumber  dis- 
turbances, respectively.  The  essential  difference,  as  illustrated  in  Figure  1,  between  the 
normal  and  reduced  gravity  limits  is  that  in  the  latter  instance,  gravity  is  only  capable  of 
stabilizing  disturbances  whose  wavenumbers  are  0(e2),  whereas  in  the  former  case,  gravity 
is  sufficiently  strong  to  stabilize  disturbances  whose  wavenumbers  are  0(e).  Consequently, 
hydrodynamic  instability  becomes  a long-wave  phenomenon  in  the  reduced  gravity  regime, 
since,  from  Eq.  (1),  the  most  unstable  wavenumbers  are  then  0(e1/2),  rather  than  0(1). 

When  the  temperature-sensitivity  parameter  A©  is  nonzero,  significant  modifications 
can  occui,  depending  on  the  magnitude  of  A©.  In  particular,  for  A©  = AXe1/4  ~ (Ve1/4), 
the  pulsating  stability  boundary  depicted  in  Figure  1 changes  in  the  outer  wavenumber 
region  such  that  instead  of  A*  = — p* , this  boundary  is  determined  implicitly  by 

a*p  + P*  - P*3/2(2k)-1/2A*e  [-(2 A;  + p*)]  “3/4  = 0 . 


Referring  to  the  outer  solution  in  Figure  2,  it  is  seen  that  for  AX 

L J 1 /^i  -i  i - 


(2) 

boundary  becomes  C-shaped,  the  upper  branch  approaching  the  cellular  boundary  as  k -> 
oo,  and  the  lower  branch  approaching  the  original  (A@  = 0)  pulsating  boundary.  These 
same  limits  are  approached  for  any  fixed  value  of  k as  A£  -►  0.  The  region  within  the 
-s  aped  curve  is  stable,  and  thus  not  only  is  steady,  planar  burning  intrinsically  unstable 
tor  sufficiently  small  wavenumbers,  but  also,  for  larger  k,  any  crossing  of  the  C-shaped 
boundary  from  the  stable  to  the  unstable  region  corresponds  to  the  onset  of  a pulsating 
instability.  As  A*e  increases,  the  turning  point  of  the  pulsating  boundary  shifts  to  the 
ngfit,  as  Ae  becomes  small,  the  turning  point  shifts  to  small  values  of  k that  ultimately  lie 
outside  the  0(1)  wavenumber  region.  Thus,  in  the  outer  wavenumber  regime,  the  original 
pulsating  and  cellular  boundaries  are  recovered  as  Aq  decreases,  but  for  AX  sufficiently 
large,  the  original  cellular  boundary  lies  within  the  unstable  region  and  the  basic  solution 
becomes  intrinsically  unstable  to  oscillatory  disturbances. 

A composite  asymptotic  representation  of  the  neutral  stability  boundary  for  A©  ~ 
0(e  ) is  obtained  by  matching  the  cellular  and  pulsating  boundaries  in  the  far  outer 

wavenumber  regime  with  the  appropriate  solution  branch  of  Eq.  (2)  in  the  0(1)  wavenum- 
ber region.  The  resulting  leading-order  composite  stability  boundary  spans  both  the  outer 
and  tar  outer  wavenumber  regions  as  shown  in  Figure  2 (heavy  curve).  The  lower  branch  of 
the  composite  boundary  is  a pulsating  boundary  for  all  wavenumbers,  whereas  the  upper 
branch  transitions  from  a pulsating  boundary  for  0(1)  wavenumbers  to  a cellular  bound- 
ary for  0(e  ) wavenumbers.  Indeed,  in  the  outer  wavenumber  regime,  the  size  of  the 

upper  region  of  oscillatory  instability,  which  is  bounded  below  by  the  upper  branch  of  the 
pulsating  stability  boundary  and  above  by  the  region  of  nonoscillatory  instability  beyond 
the  old  cellular  boundary  A* p* / 2,  shrinks  to  zero  as  k becomes  large. 
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The  nature  of  the  evolution,  as  A*e  decreases,  of  the  pulsating  stability  boundary 
depicted  in  Figure  2 to  that  shown  in  Figure  1 may  be  determined  by  analyzing  the 
dispersion  relation  for  smaller  order-of-magnitude  wavenumbers  and  appropriately  rescaled 
values  of  Aq.  In  particular,  it  turns  out  that  this  transition  occurs  as  Ae  decreases  through 
0(e1//2)  values,17  thereby  recovering  the  region  of  stability  depicted  in  Figure  1. 
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INTRODUCTION 

Numerical  simulations  in  which  the  various  physical  and  chemical  processes  can  be 
independently  controlled  can  significantly  advance  our  understanding  of  the  structure,  stability, 
dynamics  and  extinction  of  flames.  Therefore,  our  approach  has  been  to  use  detailed  time- 
dependent,  multidimensional,  multispecies  numerical  models  to  perform  carefully  designed 
computational  experiments  of  flames  on  Earth  and  in  microgravity  environments.  Some  of  these 
computational  experiments  are  complementary  to  physical  experiments  performed  under  the 
Microgravity  Program  while  others  provide  a fundamental  understanding  that  cannot  be  obtained 
from  physical  experiments  alone.  In  this  report,  we  provide  a brief  summary  of  our  recent 
research  highlighting  the  contributions  since  the  previous  microgravity  combustion  workshop. 

There  are  a number  of  mechanisms  that  can  cause  flame  instabilities  and  result  in  the  formation 
of  dynamic  multidimensional  structures.  In  the  past,  we  have  used  numerical  simulations  to  show 
that  it  is  the  thermo-diffusive  instability  rather  than  an  instability  due  to  preferential  diffusion 
that  is  the  dominant  mechanism  for  the  formation  of  cellular  flames  in  lean  hydrogen-air  mixtures 
[1].  Other  studies  have  explored  the  role  of,  gravity  on  flame  dynamics  and  extinguishment  [2,3], 
multi-step  kinetics  and  radiative  losses  on  flame  instabilities  in  rich  hydrogen-air  flames  [4,5],  and 
heat  losses  on  burner-stabilized  flames  in  microgravity  [6],  The  recent  emphasis  of  our  work  has 
been  on  exploring  flame-vortex  interactions  [7,8]  and  further  investigating  the  structure  and 
dynamics  of  lean  hydrogen-air  flames  in  microgravity  [9],  These  topics  are  briefly  discussed 
below'  after  a brief  discussion  of  our  computational  approach  for  solving  these  problems. 

THE  NUMERICAL  MODEL 

The  results  discussed  here  have  been  obtained  from  numerical  simulations  using  the  detailed, 
parallel,  time-dependent  flame  code  [10]  either  in  its  full  three-dimensional  form  or  in  an 
axisymmetric  version  for  problems  in  which  three-dimensionality  is  of  secondary  importance.  In 
all  cases,  in  order  to  obtain  definitive  information  about  complex  unsteady  flames,  a number  of 
physical  processes  must  be  included  and  modeled  to  a sufficient  level  of  detail.  These  processes 
include  elementary  chemical  reactions,  multi-species  diffusion  among  various  chemical  species, 
thermal  conduction,  viscosity,  radiation,  and  fluid  convection.  Body  forces  due  to  gravity  are 
important  for  low'  speed  flames  and  could  also  result  in  Rayleigh-Taylor  instabilities.  Both 
buoyancy  and  fluid  expansion  will  drive  flow  in  the  fluid,  so  an  accurate  model  of  compressible 
fluid  flow  is  needed.  Therefore,  the  three-dimensional,  time-dependent,  Navier-Stokes,  reactive- 
flow  conservation  equations  are  solved  for  density,  momentum,  energy,  and  the  number  densities 
of  individual  species.  The  numerical  simulations  of  flames  presented  here  include  a detailed  set  of 
elementary  reactions  for  hydrogen  or  methane  combustion.  Space  restrictions  do  not  allow  the 
elaboration  of  the  equations  solved  or  the  numerical  solution  procedure,  but  details  can  be  found 
in  previous  reports  [10,1 1], 
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FLAME-VORTEX  INTERACTIONS 

Many  studies  have  been  carried  out  on  flame-vortex  interactions  as  a means  to  improve  our 
understanding  of  turbulent  flames  and  for  the  development  of  better  models  of  turbulent  reactive 
flow.  These  studies  include  the  work  sponsored  by  the  Microgravity  Combustion  Science 
Program  focussing  on  the  effects  of  buoyancy  [12,13].  Our  numerical  experiments  are 
complementary  to  these  physical  experiments,  also  reported  elsewhere  in  these  proceedings.  In 
addition  to  showing  results  similar  to  those  observed  in  their  experiments,  we  have  used  the 
numerical  simulations  to  explore  the  role  of  certain  parameters  in  a controlled  manner  that  is  very 
difficult  or  impossible  to  achieve  in  a laboratory  experiment  in  microgravity. 

The  calculations  were  initiated  with  a planar  flame  propagating  upward,  downward  or  in  a 
zero-gravity  environment  in  a premixed  methane-air  mixture.  In  all  cases,  a vortex  ring  with  a 
Gaussian  distribution  of  vorticity  in  its  core  was  superimposed  on  the  flow  field  in  the  unbumed 
reactants  upstream  of  the  flame.  The  vortex  travels  towards  the  flame  due  to  its  self-induced 
velocity.  The  peak  vorticity  in  the  initial  vortex  is  used  to  characterize  the  vortex  strength.  The 
vortex  core  diameter  and  the  ring  diameter  can  be  varied  more  easily  in  the  numerical  simulations 
than  in  the  laboratory  experiments.  By  varying  these  parameters  as  well  as  the  vortex  strength 
and  radiative  losses  in  a controlled  manner,  these  simulations  have  contributed  to  our  fundamental 
understanding  of  flames. 

In  one  series  of  simulations,  the  initial  vortex  core  diameter  and  ring  diameter  were  held  fixed  at 
0.4  cm  and  1 .2  cm,  respectively,  and  the  initial  vortex  strength  was  increased  from  90/s  to  2400/s. 
These  cases  corresponded  to  “weak”,  “intermediate”,  and  “strong”  vortex  regimes  of  interaction 
observed  earlier  in  the  microgravity  experiments  on  propane-air  flames  [12].  As  in  the 
experiments,  phenomena  such  as  local  flame  extinguishment  and  the  formation  ot  pockets  of 
unburned  gases  in  the  burnt  region  have  been  observed.  In  all  these  cases,  gravity  is  very 
important  in  determining  the  final  shape  of  the  flame.  In  downward  propagation,  buoyancy 
stabilizes  the  flame  and  a planar  flame  is  restored.  In  zero  gravity,  a wrinkled  flame  is  left  behind. 
In  upward  propagation,  the  destabilizing  effect  of  gravity  leads  to  some  highly  distorted  flame 
shapes.  The  flame-vortex  interaction  itself  is  also  influenced  by  gravity,  though  not  very 
strongly  for  these  cases. 

Different  processes  such  as  heat  loss,  strain  and  chemical 
®***"5^  kinetics  have  been  reported  to  be  responsible  for  the 

fjfc,^  extinguishment  of  premixed  flames.  We  have  used  the 

yl  * i&re  If:  numerical  simulations  as  a tool  to  understand  the  relative 

ft  ; importance  of  heat  loss  and  strain  in  the  extinguishment 

B - ■.  observed  during  flame-vortex  interactions.  One  of  the 

Eg  advantages  of  numerical  simulations  is  the  ability  to  turn 

W;  , , : 9 processes  off  and  on  and  to  control  the  magnitude  of  their 

§£>’,,  contribution.  For  example,  we  performed  simulations  of 

flame  interactions  with  strong  vortices  in  which  the 
radiation  process  was  turned  off.  Unlike  the  “standard” 
aaiL: case,  the  flame  did  not  extinguish  even  when  the  initial 

vortex  strength  was  increased  to  2400/s  (see  Figure).  In  the 
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standard  case,  the  flame  extinguishes  when  the  initial  vortex  strength  is  over  800/s,  indicating  the 
essential  role  played  by  radiative  losses  in  extinguishing  this  flame.  However,  from  this 
simulation,  it  was  not  clear  if  a small  amount  of  heat  loss  will  extinguish  the  flame  or,  for  that 
matter,  if  a small  change  in  the  radiation  will  have  a significant  impact. 

To  investigate  this  matter,  two  series  of  simulations  were  carried  out.  In  both  series,  the  initial 
vortex  strength  was  held  constant  at  850/s  with  a vortex  core  size  of  0.2  cm  radius  and  a ring 
diameter  of  1 .2  cm.  The  differences  between  the  two  series  were  the  manner  in  which  the 
radiative  loss  was  controlled.  Both  approaches  indicated  that  a significant  amount  of  heat  loss  is 
required  and  that  small  changes  in  the  overall  heat  loss  does  not  drastically  alter  the  results.  This 
is  fortunate  since  the  uncertainties  in  the  input  parameters  and  the  approximations  used  for 
estimating  the  radiative  losses  could  result  in  some  inaccuracies  in  the  calculation  of  the  effect  of 


heat  losses. 


Another  important  observation  from  these 
studies  is  that  the  flame  extinguishment  is  not  an 
abrupt  phenomenon  but  requires  a finite  amount 
of  time.  Furthermore,  the  time  required  for  local 
flame  extinguishment  varies  with  the  vortex 
strength  as  shown  in  the  figure.  That  is,  to 
extinguish  the  flame,  a high  enough  strain  rate 
needs  to  be  present  for  a long  enough  time.  This 
has  important  implications  for  turbulent  flames 
since  in  many  practical  situations,  high  strain 
rates  may  be  present  only  for  short  duration. 
Furthermore,  the  relevance  of  steady-state,  opposed  flow  flame  extinguishment  studies  for 
practical  applications  is  questionable. 


LEAN  HYDROGEN-AIR  FLAMES  IN  MICROGRAVITY 

Experimental  observations  of  flames  in  lean  hydrogen-air  mixtures  in  microgravity  have  shown 
that  the  structure  and  dynamics  of  these  flames  are  quite  complex,  with  the  formation  of 
multiple  cells  and  the  existence  of  a cell-split  limit  [14].  In  mixtures  below  the  cell-split  limit, 
other  complex  phenomena  such  as  flame  balls  and  flame  strings  have  been  observed.  Our  previous 
two  dimensional  simulations  [15]  have  been  able  to  show  the  different  regimes  of  cell  splitting 
and  had  also  predicted  a cell-split  limit.  However,  the  predicted  limit  was  higher  than  the 
observed  limit.  At  that  time,  we  speculated  that  the  discrepancy  could  be  due  to  the  absence  of 
three-dimensional  modes  in  the  simulations  or  uncertainties  in  the  chemistry  model.  With  the 
development  of  the  three-dimensional  flame  code,  this  problem  was  re-examined. 

Comparing  2-D  and  3-D  simulations  of  flames  in  a 9.5  % Hydrogen-air  mixture  shows  that  the 
flames  do  grow  more  rapidly  and  split  in  3-D  than  in  2-D.  Leaner  mixtures  that  did  not  show  cell- 
splitting in  earlier  simulations  do  indeed  show  splitting  in  the  newer  simulations  which  have  also 
been  carried  out  for  much  longer  times.  However,  the  time  taken  for  the  initial  cell  to  grow  and 
split  is  still  longer  than  that  observed  experimentally.  This  suggests  that  in  addition  to  three- 
dimensionality,  uncertainties  in  the  chemical  parameters  for  these  regimes  could  be  a factor  for 
the  observed  differences.  Additional  simulations  were  carried  out  with  different  chemistry 
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mechanisms  but  these  again  proved  to  be  inconclusive.  These  observations  are  also  in  agreement 
with  a one-dimensional  study  of  flame  balls  that  showed  that  different  chemistry  packages  gave 
different  results  [16]. 

SUMMARY  AND  CONCLUSIONS 

Recent  numerical  simulations  of  the  structure  and  dynamics  of  flames  in  microgravity  have 
been  reported.  Two  topics  have  been  highlighted.  The  first,  on  flame-vortex  interactions,  has 
brought  out  the  complementary  nature  of  numerical  simulations  to  physical  experiments  and  the 
additional  insight  that  can  be  gained  from  controlled  numerical  experiments.  The  second  topic,  on 
flames  in  very  lean  hydrogen-air  mixtures  in  microgravity,  has  exposed  the  need  to  have  better 
chemistry  models  valid  for  these  regimes.  Since  some  of  these  mixtures  are  not  flammable  in  Earth 
gravity,  more  basic  studies  of  the  chemistry  and  flame  structure  need  to  be  done  under 
microgravity  conditions.  It  is  hoped  that  this  work  will  spur  such  new  experiments. 
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INTRODUCTION 

Understanding  the  physical  phenomena  controlling  the  ignition  and  spread  of  flames  in  microgravity 
has  importance  for  space  safety  as  well  as  for  characterizing  dynamical  and  chemical  combustion 
processes  which  are  normally  masked  by  buoyancy  and  other  gravity-related  effects.  Unfortunately, 
combustion  is  highly  complicated  by  fluid  mechanical  and  chemical  kinetic  processes,  requiring  the  use 
of  numerical  modeling  to  compare  with  carefully  designed  experiments.  More  sophisticated  diagnostic 
methods  are  needed  to  provide  the  kind  of  quantitative  data  necessary  to  characterize  the  properties  of 
microgravity  combustion  as  well  as  provide  accurate  feedback  to  improve  the  predictive  capabilities  of 
the  models. 


Diode  lasers  are  a natural  choice  for  use  under  the  severe  conditions  of  low  gravity  experiments. 
Reliable,  simple  solid  state  operation  at  low  power  satisfies  the  operational  restrictions  imposed  by  drop 
towers,  aircraft  and  space-based  studies.  Modulation  wavelength  absorption  spectroscopy  (WMS) 
provides  a means  to  make  highly  sensitive  and  quantitative  measurements  of  local  gas  concentration  and, 
m certain  cases,  temperature.  With  near-infrared  diode  lasers,  detection  of  virtually  all  major  combustion 
species  with  extremely  rapid  response  time  is  possible  in  an  inexpensive  package.  Details  of  WMS 
theory  and  its  applications  for  combustion  measurements  can  be  found  in  Refs.  [1-3]. 

Advancements  in  near-infrared  diode  laser  fabrication  technology  and  concurrent  development  of 
optical  fibers  for  these  lasers  led  to  their  use  in  drop  towers  [4].  Since  near-infrared  absorption  line 
strengths  for  overtone  and  combination  vibrational  transitions  are  weaker  than  the  mid-infrared 
fundamental  bands,  WMS  techniques  are  applied  to  increase  detection  sensitivity  and  allow  measurement 
of  the  major  combustion  gases. 

In  the  first  microgravity  species  measurement,  Silver  et  al.[ 4]  mounted  a fiber-coupled  laser  at  the 
top  of  the  NASA  2.2-sec  drop  tower  and  piped  the  light  through  a single-mode  fiber  to  the  drop  rig. 
A fiber  splitter  divided  the  light  into  eight  channels  that  directed  the  laser  beam  across  a methane  or 
propane  diffusion  jet  flame.  The  light  beams  were  recaptured  by  a set  of  gradient  index  lenses,  coupled 
back  into  separate  fiber  optic  lines,  and  transmitted  back  to  detectors  and  electronics  in  the  instrument 
package.  In  these  experiments  a 6-mm  od  fiber  cable  (containing  the  nine  optical  fibers)  fell  with  the 
drop  rig.  Using  separate  detection  and  demodulation  channels,  spatial  and  temporal  (up  to  20  Hz)  maps 
of  water  vapor  and  methane  concentrations  were  obtained  at  differing  heights  in  the  flames. 

While  this  apparatus  was  useful  from  a demonstration  standpoint,  several  drawbacks  needed 
attention  before  useful  scientific  measurements  could  be  obtained.  First,  eight  lines  of  sight  are 
somewhat  insufficient  for  detailing  the  spatial  profiles  of  the  gas.  Second,  multiple  detection  channels 
operating  in  parallel  are  both  expensive  and  present  a challenge  for  accurate  calibration. 

As  a result,  a newer  scanning  system  was  developed  in  our  first  contract  under  this  program.  The 
primary  characteristic  of  this  system  is  that  it  contains  a single  detection  channel  and  achieves 
continuous  spatial  resolution  by  scanning  the  laser  beam  across  the  flame  region,  then  directing  this 
beam  onto  a single  detector.  Thus  spatial  measurements  are  converted  to  a temporal  series  of  data.  The 
true  spatial  resolution  is  limited  only  by  the  beam  diameter  and  width  of  the  sweep.  In  these  experiments 
the  beam  is  focused  to  about  1-mm  diameter  and  scans  across  a region  up  to  4-cm  wide. 
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As  compared  to  the  fixed  eight-channel  instrument,  the  scanner  approach  requires  a greatly 
increased  detection  bandwidth.  Complete  spectra  must  be  obtained  at  each  spatial  position  while 
acquiring  a full  spatial  map  at  10  Hz.  This  is  achieved  using  high  speed  analog-to-digital  converters 
coupled  to  digital  signal  processing  (DSP)  electronics,  described  in  the  next  Section.  These  dedicated 
devices  permit  rapid  acquisition  of  the  data  with  good  amplitude  resolution.  The  results  of  preliminary 
experiments  using  this  system  for  the  measurement  of  molecular  oxygen  in  candle  and  solid  thin  sheet 
flames  are  discussed  below.  Finally,  current  progress  and  future  directions  under  our  renewed  contract 
for  diode  laser-based  diagnostic  systems  are  presented. 

EXPERIMENTAL  , , . ... 

The  scanning  WMS  system  is  demonstrated  by  measuring  molecular  oxygen  in  candle  and  thin  solid 

sheet  flames.  For  the  detection  of  oxygen  at  760  nm  (visible),  a GaAlAs  vertical  cavity  surface  emitting 
laser  (VCSEL)  is  used.  In  contrast  to  more  expensive,  conventional  near-infrared  InGaAsP  distributed 
feedback  lasers,  VCSELs  operate  at  much  lower  injection  currents  (3  and  10  mA),  have  circular,  less 
diverging  output  beams,  and  can  be  continuously  tuned  over  much  larger  ranges  of  wavelength,  typically 
10  cm1.  This  latter  feature  permits  the  acquisition  of  multiple-line  spectra  that  could  be  used  to 

determine  local  gas  temperature.  . . . 

Although  vibrational  bands  of  02  are  infrared- inactive,  the  v'=  0 -v"=  0 vibrational  transition  in  the 
b‘S+  - X3E  electronic  band  near  760  nm  can  be  used  as  the  basis  of  an  absorption  diagnostic.  The 
drawback  for  02  is  that  the  absorption  lines  are  quite  weak  (about  1000  times  smaller  than  those  of 
water,  for  example),  making  detection  very  difficult.  The  VCSEL  accesses  an  oxygen  line  pair  consisting 
of  the  RQ(13,14)  and  RR(15,15)  + RQ(43,44)  lines  near  13,154  cm1.  The  ratio  of  the  magnitudes  of 
these  lines  varies  near-linearly  between  600  and  2000  K at  about  7%  per  100  K. 

The  experimental  system  comprises  four  components:  1 ) the  optical  scanning  system  containing  the 
laser  scanner,  mirrors,  detector  and  preamplifier  all  mounted  on  a frame  for  which  the  absorption  path 
can  be  varied;^)  stand-alone  computer  and  DSP  board;  3)  an  analog  electronics  box  containing  all  laser 
control,  WMS  and  signal  processing  circuitry;  and  4)  the  dc  computer  power  supply.  The  system  is 
powered  by  the  drop  rig  batteries.  Power  loading  is  relatively  high,  drawing  ~200  W. 

The  laser  beam  is  collimated  by  an  anti-reflection  coated  aspheric  lens  to  a diameter  of  <1  mm,  and 
is  pointed  at  a scanner  mirror  that  is  positioned  at  the  focus  of  an  off-axis  paraboloidal  mirror  (OAP)  so 
that  all  rays  reflected  by  the  OAP  are  parallel  to  one  another.  As  the  beam  is  swept  by  the  scanner,  it 
tracks  in  parallel  lines  across  the  flame.  After  traversing  the  flame,  a second  OAP  refocuses  the  laser 
beam  onto  a photodiode  detector. 

The  angle  of  the  scanner  is  controlled  by  a programmable  voltage  ramp  generated  by  the  DSP.  A 
second  DSP  waveform  sweeps  the  laser  wavelength  across  the  spectral  feature.  A 280-bin  spectrum  is 
obtained  during  the  time  in  which  each  1-mm  spatial  element  is  traversed. 

WMS  detection  is  accomplished  by  modulating  the  laser  wavelength  at  500  kHz  and  detecting  the 
2/(1  MHz)  component  of  the  photodiode.  Data  are  recorded  using  the  analog  inputs  to  the  DSP  and 
stored  on  a hard  drive  designed  for  use  in  a laptop  computer.  The  electronic  circuitry  for  modulation 
and  demodulation  is  similar  to  that  described  in  Ref.  6.  The  DSP  board  controls  all  timing,  ramps,  and 
triggering  of  the  system,  the  computer  board  acts  to  load  and  start  the  DSP  as  well  as  control  all  data 
storage  and  communications  functions.  Numerical  processing  of  the  data  and  normalization  to  total  laser 
intensity  are  made  in  post-drop  analysis. 
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The  solids  combustion  setup  comprises  a thin  metal  frame  to  which  an  8.5-cm  wide  cellulose  sheet 
(IGmwipe  EX-L)  is  taped.  A Kanthal  ignitor  coil  is  mounted  in  physical  contact  with  the  bottom  of  the 
sheet.  A small  fan  below  the  frame  provides  a concurrent  flow  of  air  to  promote  migration  of  the  flame 

front  upwards  from  the  ignition  point.  For  candle  measurements,  a small  birthday  candle  is  inserted  into 
the  optical  path. 

OXYGEN  MEASUREMENT  RESULTS 

Normal  and  zero-gravity  experiments  are 
performed  in  the  2.2-sec  drop  tower  at  the  NASA 
Glenn  Research  Center.  Spatial  maps  (30-mm 
wide  with  1-mm  resolution)  are  acquired  at  8 Hz, 
processed,  and  stored.  The  effective  detection 
bandwidth  is  about  70  kHz.  A spectrum  of  two 
adjacent  02  absorption  lines  near  760  nm  is  shown 
in  Fig.  1 . For  comparison,  a theoretical  spectrum 
computed  from  known  spectroscopic  and  physical 
constants  is  illustrated.  The  agreement  between 
these  spectra  demonstrate  the  convergence  of 
experiment  and  theory,  with  a 1Hz  bandwidth 
noise  level  equivalent  to  lx  10  6 absorbance. 

One  complication  in  the  data  analyses  is  that 

02  is  present  in  the  optical  path  external  to  the  flame  (i.e.,  in  the  room  air).  This  introduces  a nearly 
overwhelming  contribution  to  the  observed  signal  that  must  be  subtracted  to  determine  the  portion 
contributed  only  from  the  flame.  Signals  measured  just  prior  to  the  drop  (pre-ignition;  scaled  to  the 
external  path  length)  provide  the  external  path  contribution.  Thus  very  large  signal-to-noise  ratios  are 
required  to  be  able  to  successfully  subtract  out  the  room  temperature  portion  of  the  signal. 

Candle  Flames  - Experiments  on  a small  candle  were  carried  out  in  normal  gravity  and 
microgravity.  The  long  external  path  in  these  experiments  (as  compared  with  the  flame  diameter  of  only 
a few  cm)  results  in  flame  region  spectra  having  poor  signal-to-noise.  Thus  spectra  are  co-averaged  over 

3 dr°p  t,mes  beginmng  after  the  rnitial  transient  to  zero  gravity.  Since  the  candle  is  axially  symmetric, 
an  Abel  mversion  [6]  of  the  data  converts  the  observed  projections  through  the  flame  into  radial 
absorbances.  The  reduced  gravity  data  clearly  show  a wider  flame  than  in  normal  gravity.  The  signals 
for  the  line  pair  are  too  noisy  to  extract  exact  temperatures,  but  qualitatively  the  line  pair  ratios  that  at 
the  edge  of  the  flame  are  near  300  K as  expected.  This  line  pair  is  optimized  for  temperatures  of  1 200- 
1500  K and  in  future  work,  a better  range  would  be  600-1200  K,  since  02  disappears  in  the  flame  front 
and  is  not  expected  to  be  present  in  the  hotter  zones. 

Solid  Sheet  Combustion  - An  8.5-cm  wide  thin  solid  sheet  is  burned  in  zero  gravity  under  a small 
concurrent  flow  of  air.  The  laser  beam  traverses  a path  perpendicular  to  the  sheet  and  the  flame  passes 
t ough  this  plane  after  ignition.  Since  the  total  laser  intensity  at  the  detector  is  recorded,  partial 
obscuration  of  the  laser  beam  by  smoke  is  observed  slightly  ahead  of  the  flame;  this  effect  is  strongest 
closer  to  the  sheet.  The  absorbance  map  for  02  remains  fairly  constant  up  to  about  1.7  seconds  when 
a precipitous  drop  is  observed  due  to  the  passage  of  the  flame  front.  Future  experiments  will  investigate 
these  phenomena  more  closely  and  will  measure  local  gas  temperatures  as  well. 


Frequency  (cm'1) 

Figure  1 - Oxygen  line  pair  spectrum. 
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CURRENT  RESEARCH  ,.  , 

In  our  current  program,  the  focus  of  research  shifts  toward  further  development  of  diode  laser 
spectroscopy  as  a working  tool  aimed  at  space-borne  applications  and  to  perform  detailed  measurements 
of  a suite  of  combustion  species  (H20,  OH,  02,  C02,  CH4  and  perhaps  C2H6)  in  well-defined  experiments 

that  are  concurrently  being  investigated  from  a theoretical  standpoint. 

From  a hardware  diagnostic  perspective,  the  electronics  used  in  our  prior  work  wiU  be  reduced  in 
size  to  approximately  5 cm  x 10  cm  x 15  cm  in  size;  power  requirements  drop  to  below  30  W.  This  is 
possible  by  using  a folly  digital  approach  to  WMS,  where  a modified  square  wave  replaces  the  analog 
sine  modulation  waveform.  A stand-alone  DSP  super-processor  generates  and  processes  all  modulation, 
ramping  and  scanning  waveforms,  as  well  as  analyzes  and  stores  the  data  without  the  need  of  a separate 
computer  board  or  other  electronics.  Laser  modules  (for  different  gases)  will  be  interchangeable. 

Two  types  of  diffusion  flames  will  be  examined.  The  first  type  are  laminar  flames  using  a spherical 
or  counterflow  diffusion  burner.  These  approximate  an  ideal  one-dimensional  flame  and  are  well-suited 
to  the  line-of-sight  laser  absorption  diagnostic  approach.  Measurements  of  the  fuel/ox, dizer  interface 
provide  information  on  the  species  locations  and  temperatures  as  a function  of  initial  conditions.  The 
simple  dimensionality  of  these  experiments  allows  direct  comparison  with  theory. 

In  collaboration  with  Prof.  W.  Daum,  we  are  investigating  ring  vortex  diffusion  flames.  I his  flame 
exhibits  many  of  the  fundamental  flow,  transport  and  combustion  properties  of  turbulent  flames  including 
vorticity,  mixing,  strain,  diffusion,  partial  premixing  and  diluent  effects,  and  heat  release  effects. 
Nevertheless,  the  elegant  simplicity  of  the  flame-vortex  interaction  permits  the  study  of  these  complex 
interactions  under  relatively  controllable  experimental  configurations,  in  contrast  to  direct  measurements 
in  turbulent  flames.  The  ability  to  measure  and  model  the  fundamental  phenomena  that  occur  in  a 
turbulent  flame,  but  with  time  and  spatial  scales  which  are  amenable  to  our  diagnostics,  will  permit 
significant  improvements  in  the  understanding  of  turbulent  combustion  under  both  normal  and  reduced 

gravity  conditions. 

CONCLUSION 

Diode  laser-based  absorption  detection  systems  provide  critical  information  on  flame  species 
concentrations  and  temperatures  with  fast  response.  Development  of  these  sensors  is  important  as 
quantitative  gas  diagnostics  for  combustion  and  other  disciplines.  The  flexibility  and  mterchangeabihty 
of  diode  lasers  combined  with  the  widespread  capabilities  of  absorption  measurements  make  this 
approach  a strong  candidate  for  use  in  the  International  Space  Station,  not  only  as  compact,  low  cost 
sensors  for  the  Modular  Combustion  Facility,  but  for  air  quality  management  and  fire  detection  as  well. 
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INTRODUCTION 

Whenever  alkane  fuels  have  to  reside  partially  or  fully  mixed  in  an  oxidizing  atmosphere  at  high 
temperatures,  ignition  can  occour  in  a multistage  mode,  subsequently  following  completely 
different  schemes  of  oxidation.  This  behavior  is  experimentally  well  known  for  premixed  gases 
[1]  and  for  multiphase  systems  [2],  Moreover  it  is  an  apparent  problem  in  prominent  technical 
applications  such  as  IC-combustion  engines  [3]  as  well  as  when  designing  continous  flow 
reactors  for  high  pressures  and  temperatures  with  large  premixing  zones. 

If  fuel  is  used  in  liquid  phase,  mixing,  upheating  and  the  subsequent  ignition  and  combustion 
takes  place  in  a transient  field  of  temperature  and  concentration.  This  holds  true,  from  the  instant 
when  the  fuel  is  inserted  as  a spray  up  to  beyond  the  time  the  liquid  is  completely  vaporized.  The 
understanding  and  modeling  of  the  process  requires  a consequent  coupling  of  the  physical 
processes  with  a suitable  chemical  kinetic  of  the  fuel  covering  the  full  range  of  temperatures 
encountered  in  the  entire  process.  Numerical  results  are  in  reasonable  good  agreement  with 
experiments  for  homogeneous  gas  phase  ignition  only.  In  particular  the  low  temperature 
mechanism  is  very  complex,  and  proceeds  via  different  submechanisms  sensibly  governed  by 
temperature.  The  frame  of  this  mechanism  is  given  by  the  subsequent  oxidation  of  the  parent  fuel 
molecule,  forming  large  alkylhydroperoxy-radicals.  Exothermal  "breakup"  of  these  radicals  is  the 
major  step  to  form  a large  amount  of  aldehydes  and  OH  (and  H02)  -radicals,  which  promote  the 
subsequent  reaction  by  chain  branching.  Thermal  runaway  of  the  cool  flame  is  inhibited  by  the 
second  addition  of  oxygen  to  the  alkylperoxy  -radical,  which  is  balanced  by  a backward  reaction 
becoming  important  beyond  a temperature  of  about  700K  [4],  This  balancing  features  the  very 
important  and  characteristic  negative  temperature  coefficient  of  the  low  temperature  mechanism. 
Since  the  low  temperature  mechanism  can  proceed  in  a rather  wide  range  of  stochiometric 
mixtures,  cool  flame  ignition  can  occur  at  very  lean  conditions,  and  is  supposed  to  play  a very 
important  role  favoring  subsequent  hot  flame  ignition. 

In  the  presented  work,  the  formaldehyde  molecule  HCOH  has  been  selectively  be  detected  as 
key  species  in  the  gas  phase  around  a single,  n-heptane  drenched  porous  sphere  during  the 
process  of  two  stage-selfignition  by  means  of  Planar  Laser  Induced  Fluorescence  PLIF.  Currently 
the  obtained  concentration  field  yields  qualitative  data.  Methods  are  under  investigation  to 
prepare  the  equipment  for  a quantitative  interpretation  of  the  images.  To  be  able  to  gain  the 
experimental  data  into  a one  dimensional  numerical  model,  all  experiments  were  carried  out 
under  microgravity  at  the  Bremen  Drop  Tower. 

EXPERIMENTAL 

Fluorescence  of  Formaldehyde  was  induced  by  excitation  of  the  2°04Io  -Line  of  the  A'Aa  f- 
X Aj  transition  at  352, 2nm  [5-8]  by  means  of  a XeF-  Excimer  Laser  (Lambda  LPX  150T). 
Before  entering  the  experimental  section  the  laser  light  was  shaped  to  a sheet  of  30mm  in  height 
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and  0.5mm  in  width.  High  speed  videos  of  the  LIF-images  were  recorded  with  a two  staged 
intensified  FHG-Dalsa  CCD-  camera.  Framing  rate  was  250sec-l  to  resolve  the  site  and  instant 
of  both  ignition  stages.  To  block  Rayleigh-  and  Mie-  scattering  a WG1  filter  was  used  in  front  of 
the  UV-Nikkor.  The  outline  of  the  high-pressure  experiment  chamber  which  is  furnished  with  a 
furnace  section  that  can  be  adjusted  to  temperatures  of  up  to  1000K  is  displayed  in  Figure  1. 
Figure  2 shows  the  arrangement  of  the  laser-lightsheet  illuminating  the  gas  phase  adjacent  to  the 

fuel  drenched  porous  sphere. 

Figure  1: 

Experimental  Setup.  For 
drop  tower  experiments, 
lightsheet  optics,  high- 
pressure  chamber  and  high 
speed  image-detection  is 
mounted  in  the  drop 
capsule. 

The  excitation  laser  is 
attached  to  the  top  of  the 
tower,  the  laser  light  is 
mirrored  into  the  top  of  the 
falling  drop  capsule. 


Figure  2: 

Geometry  of  the  frame  of 
field  for  diagnostics. 

The  instant  the  experiment 
starts  the  fuel  drenched 
sphere  is  rapidly  lifted  from 
the  cold  site  of  fueling  to 
the  displayed  position 
within  the  furnace  (See 
Fig.l). 

The  aperture  shields  the 
sphere  from  direct  impact 
of  laserlight. 

RESULTS  AND  DISCUSSION  . 

Sequences  1 to  5 show  the  temporal  and  spatial  change  of  the  formaldehyde  concentration  which 
visualizes  the  proceeding  two  stage  ignition  at  selected  typical  conditions.  The  number  of  frame 
in  each  sequence  corresponds  to  a distinct  state  in  the  ignition  process:  Frame  1 marks  the  first 
appearance  of  a detectable  amount  of  formaldehyde,  which  we  refer  to  as  "cool  flame  , cf- 
ignition  here.  The  difficulty  to  identify  the  state  of  cool  flame  ignition  is  addressed  in  [9]  e.g.. 


Porous  sphere,  diameter  5mm 
(experiment  - position) 


Laserlightsheet 


Relative  intensity 
of  fluorescence 
1 256 


Aperture 
"Frame  of  field 
36  x 36mm 
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Frame  2 shows  the  concentration  field  of  formaldehyde  and  thus  the  cool  flame  position  just 
before  the  instant  of  high  temperature,  "hot  flame"  hf-ignition.  Frame  3 shows  the  instant  of  hf- 
ignition,  which  is,  due  to  a sharp  rise  of  temperature,  accompanied  by  a rapid  consumption  of 
formaldehyde.  Frame  4 shows  the  residual  structure  of  formaldehyde-concentration  adjacent  to 
the  zone  of  high  temperature  reactions,  when  hf-ignition  has  surrounded  the  entire  sphere.  Frame 
5 shows  the  strong  signal  of  scattering  particles  when  the  luminous  flame  body  following  hf- 
ignition  is  formed.  The  reaction  zone  is  located  close  to  the  outer  side  of  the  luminous  shell. 
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The  images  in  all  sequences  show,  that  apart  from  the  common  expectation  of  a spherical 
behavior  of  the  diffusion-  driven  processes  in  microgravity  droplet  combustion,  ignition  seem  to 
be  extremely  sensitive  against  slightest  disturbances.  In  case  of  the  first  ignition  stage,  the  critical 
dependency  of  the  low-temperature-chemistry  on  temperature  [4,  9]  is  supposed  to  be  responsi  e 
for  that  sensitivity.  Exceptionally  at  ambient  pressure  of  lbar,  for  all  temperatures  investigated 
(but  shown  only  as  example  for  770K  in  Sequence  1)  the  cool  flame  ignites  and  proceeds 
sperically.  As  the  heat  release  of  the  cool-flame  directly  interferes  with  the  undisturbed 
temperature  field  around  the  upheating,  evaporating  fuel  drenched  sphere,  hot-flame  ignition  is 
affected  by  non-sphericity  of  cool  flame  -"burning"  for  all  conditions  shown  in  the  sequences. 
Moreover,  hf-ignition  takes  place  where  the  formaldehyde  concentration  indicates  the  hig  est 

cool  flame  activity.  , . , . , , „ _ 

Another  striking  feature  that  could  be  drawn  from  the  experiments,  which  have  been  done  up  to 

now  for  various  temperatures  and  pressures  ranging  from  1 to  5 bar  pressure,  is  that  t e 
maximum  distance  of  cf-ignition  site  from  the  fuel  source  (at  a given  temperature)  increases  as 
pressure  increases.  Considering  that  either  the  size  of  the  temperature  and  concentration  field 
around  the  vaporizing  sphere  is  strictly  decreasing  with  increasing  pressure,  thus  ruling  e 
position  of  hf-ignition,  cf-ignition  can  take  place  at  very  lean  fuel-oxidizer  ratios  and  is  very 
sensitive  against  ambient  temperature. 

We  hereby  like  to  thank  the  DLR  (Deutsches  Zentrum  fur  Luft-  und  Raumfahrttechmk)  for 
funding  the  presented  work  (FKZ  50  WM  9448). 
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INTRODUCTION  exneriment  is  a study  of  the  smolder 

The  Microgravity  Smoldering  Combustic  ( ) P ironment  The  objective  of 

characteristics  of  porous  combustible  materials  in i a mtcr  6 ymechanisms  0f  sm„lder.  both  in 
the  study  is  .0  provide  a better  understands  of  the aboard  the  NASA 
microgravity  and  normal  earth  gravity.  xp  completely  remote  operation.  Future 

Space  Shuttle  in  the  GAS-CAN,  an  appara  us  q system  (UIS).  Thermocouples  are 

GAS-CAN  experiments  will  utilize  an  “1,ras™  8 velocities,  but  a less  intrusive  method  is 

currently  used  to  measure  temperature  an  re  thermocouple  It  is  expected  that  the 

desirable,  as  smolder  is  affected  by  hea,  technique 

UIS  will  eventually  replace  the  existing  array  of  thermocouples 

without  compromising  data  acquisition^  propagating,  exothermic,  surface 

Smoldering  is  defined  as  a non-flaming,  self-susl the  fuel  [1].  Smolder  of 
reaction,  deriving  its  principal  heat  from  eterogeneo  a few  minor 

cable  insulation  is  of  particular  concern  in  the  on  Space  Shuttle 

incidents  of  overheated  and  charred  cables land  Station  and  other  space 

flights  [2,3],  Recently,  the  establishment  of  the  1"“°"  “ because  of  the  need  to 

facilities  has  increased  interest  in  the  study  8 smolder  initiated  fire  during  the 

preempt  the  possibility,  and/or  to  minimize  the  effect  ot  a smoiae 

operation  of  these  facilities  [4],  . , • both  thermocouples  and  the  UIS. 

The  ignition  and  propagatior in  Figure  1*2.  The 
The  UIS  has  been  implemented  into  the  g variations  within  a smoldering  sample, 

system  provides  information  about  loca  perme  smolder  reaction  The  method 

Which  cL,  in  tum,  be  interpreted  ,0  track  « porous  material 

- — »•  — 

left  by  the  smolder  reaction),  pyrolysis,  and  condensation  fron  s. 

EXPERIMENTAL  SET-UP  semi-cylindrical,  hermetically  sealed,  aluminum 

The  tests  are  performed  in  a 21.7  , y ,,  bl  The  igniter  consists  of  a 

combustion  chamber,  identical  to  those  used  in  the  of  ^ is  in  complete 

Nichrome  wire  heater  through  the  igniter  and 

contact  with  the  one  end  of  the  fuel  samp  • nozzles  Reaction  zone  temperature 

foam  is  controlled  via  mass  flow  controllers  or  ■*o|^d  , ature  histories  of  thermocouples 

and  smolder  propagation  velocities  are  0 al”e  f p-  speaker/microphone  pairs  are  fixed  at 
embedded  a,  predetermined  positions  withm  the  feme  Five  ^^cr/imc  P P several 

~ ,n  oa  ion  and  120  mm  from  the  igniter  surface.  This  placemen!  com 
thermocouples,  allowing  for  correlation  of  the  temperature  and  permeability  result 
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The  UIS  system  is 
thoroughly  outlined  in 
Tse  et  al.  [5]  and  is 
therefore  only  shown 
here  as  Figure  3. 

Briefly,  operation 
procedures  for  the 
ultrasonic  imaging 
technique  for  a single 
set  of  speaker  and 
microphone  are  as 
follows: 

1)  A speaker  emits  a 
six  (6)  cycle, 
ultrasonic, 
sinusoidal,  wave- 
train  pulse  through 
the  porous  medium. 

The  pulsed 

ultrasound  signals 
are  amplified  by  a 

gain-selectable  

2)  received  signal  slrength. 

Based  on  the  shortest  path  length  through  the  samnle^hef  T*  C°nVC*ed  t0  a si8nal- 
identifies  the  desired  transmitted  signal  through  the  foam/ehT  reCe'Ved 

4 ThVner  m,  waveform  strength  is  digitally  sampled  and  stored. 

must  be  lo^rsrs&r  iS  “t"'  ^ "me  be‘W“"  wave-train  pulses 
prevent  superposition  efTects  from  previously  sent  5 als0  bc  long  enough  to 

wave-trains  reflected  back  into  the  propagation 
path  of  interest. 

RESULTS  / DISCUSSION 

Figure  4 contains  a plot  of  temperature  and  UIS 
received  signal  strength  versus  time.  The  test  from 
which  this  data  was  taken  was  conducted  in  an 
upward  burning,  forward  flow  smolder  with  gas 
velocities  (Darcy)  of  0.1  mm/s  during  ignition  and 
2.5  mm/s  during  the  propagation  period.  The  UIS 
data  shows  an  average  smolder  velocity  of 
0.1 18  mm/s.  It  was  found  from  the  temperature 

profiles  that  the  smolder  front  propagated  to  a Fi9“re  2.  Photo  of  actual  MSC  test 

istance  of  105  mm  at  an  average  velocity  of  section  with  UIS  hardware 

| installed. 
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is  due  to  water  from  the  reaction  condensing  in  the^  Tf  fr°nt  This  gradual  decrease 

partially  fills  the  pores  of  the  foam  increasing  the  n°°  foam  ahead  of  the  reaction.  The  water 
arrival  of  the  reaction  front,  the  water  is  evaporated  fiSX°“  °f  the  ,ultrasound  signal.  With  the 
increasing  the  UIS  signal  transmission.  This  is  seen  in  el  PT  the  P^eability  increases, 
cveling  off  of  the  thermocouple  traces  at  ~75°C  tmn  ery  channel  3001  ,s  corroborated  by  the 
endothermic  event  such  as  water  condensation  PecuTar  ^rf " T*  ^ a"  indicado"  of  an 
ln  S,8na]  aft^  a short  time  of  increj^  h™ever  is  the  shaip  drop 

unreacted  fuel  that  is  generated  by  the  fow  oxidize  flow  d 6 ^ u ^ of  Pleated 

When  the  oxidizer  flow  is  switched  to  the  higher  rate  Z l ?8  he  lgnitl0n  phase  of  the  test 
amounts  of  products,  which  rapidly  fill  the  pores  aheld  f reaCtS  quick1^’  generating  large 
drop  in  signal  transmission  evidenced  in  Figure  4 A1  ° ^ reaCtl0n'  This  results  in  the  sharp 

CONCLUDING  REMARKS 

implemented  into  the  ongoing 

ns,gh.  into  the  smoldering  process  and  provide  a non  tan,  wi"  P™**  tahe) 

cacK,"  propagating  through  a penneable  material  f°r  Studyin8  a smold« 

react, °„  fo",  and  the  precedi  condenstaon^  fronTand  h ^ TT FU"y  ima8ed  both  <l>e 

transient  flow  and  reaction  pattern  tha,  wii,  he  a 
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real  time  quant, tative^dmaging  of  diffusion  flame 

srsss.  - -strtsr;-' ks; 3~ 

restSns^  of  flame 

considerations,  have  generally  limited  micr0^  4 Jnd  (intrusive)  temperature  measurements  using 
emissions  on  film  or  video1'3  laser  ScWierenimag  g models,  more  sophisticated  studies  are 

thennocouples.  Given  the  development  of  detailed  tfieoretic^^  characterize  the  properties  of 

rid  to  ^provide  X^Zrl  feedback  to  improve  the  predtcttve 

microeravity  combustion  processes  as  u 

capabilities  of  the  computational  models^  its  research  on  the  high  sensitivity. 

Over  the  past  ten  years,  Southwest  0ur  research  approach  combines  three 

noise  at  the  high  detection  frequenc.es  employ^  h sensitivity  pemuts  the  in  s.lu 

detection  of  water  vapor  and  methane  in  ^"pre^'Xeriments  to  detect  water  vapor  in  propane  an 
+-  ot  1 141  um  was  used  in  most  oi  tn  P diode  laser  radiation  into  eight 

£ instrument  utilized  t fof  sight.  Experiments 

detection  channels  for  simultaneous  measurem* e % resolutions  would  be  desirable.  Thus, 

conducted  with  this  instrument  lead  - "^Ingth^ 

we  have  developed  imaging  high-frequency  aL0rbers  such  as  water,  methane,  and  possibly 

new  technique , we  will  be  able  ,0  ^'“  “^bd  ^tLe Severn 

hydroxyl  radicals.  Ultimately,  we  will  have  the  cap  y environments.  By  coupling  the 

Movies)  of  s«ong  absorbers  in Barnes  flames,  we  will  be  able  Jo  locto 

maging  of  water  vapor  with  the  imaging  of  methan  roles  of  diffusion  and  buoyancy- 

— — Ur,Lio„  by  optica,  means  attractive  and  w,„  allow  - 
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absorption  images  to  be  obtained  in  real  time  Rv  ,»t-  a 

absolution  images  should  be  readily  transformable D®, advan,age  of  n“™  symmetry,  these 
closely  spaced  water  lines  with  different  temperature  det  n o ‘‘0"  pr°flles'  usin8  two 
e etermined.  This  technique  has  the  advantageoverolheH  enc'es'  flame  temperature  profiles  can 

calibrated? '°  'mp!ement’  Provides  signals  which  are  dLctMn™  methodsas  bein8  simple  and 
calibrated  to  prov.de  accurate  quantitative  results  To  te!,  m concentra>'™.  and  is  easily 

concentration  profiles  in  an  air  diffusion  flame  fWoltha  d P * ?“  °b,ain  wa,er  vaP»t 

creates  a two-dimensional  diffusion  flame,  so  thaTwe  win °‘  ™s  ,ype  of  b™CT 

species  and  temperature  profiles.  Hence  we  will  tv  u t0  aPPi>  an>  transforms  to  obtain 
flame  a,  virtually  any  resolution.  Any  changes Tl  r ‘°  ‘he  reac,io"  in  this 

transition  is  made  from  I -g  to  p-g  or  flow  rates  are  chamed  o'0"  **  °bserved  when  >bc 

meat  d .eXperiments  of  gas  jet  diffusion  flames  showtd^lfreV'OUS  micro8ravit5'  water  vapor 

greater  radii  than  theoretical  models  predicted  We  hel  d JVgh  concen,rations  of  water  at  much 
beanother  problem  we  will  address  in“L \?  ??  ‘h‘S  ‘°  **  a “f  ignition.  Thiswill 
tmd  methane  in  diffusion  flamesand  candle  flames  wMI  pro^S?™”^ °fWa'er  Vap°r'  teraPerature 

,m?arer  0utstandiog  qnestions  concerning Pa,?lreSOl“ti°nSsuffici“« 
nutations  on  observed  combustion  properties  Finallv  al!*e  effec,s  °f  diffusion  and  kinetic 

microgravh?CeS  “ — ■"***"  - - as  * 

MODULATION  SPECTROSCOPY 

^sotPtion  signals  or  st^^bsolpfion  shenals?^^  ( WMS)  is  a technique  used  to  measure 
■s  that  the  WMS  signals  are  linearly  prSS^TT*'5'-  ^ useful"«sof  this  method 
abson,.,  on.  the  detection  sensitivi,  vis limited by Unlikedirec, 
This  can  .mprove  the  detection  sensitivity  by  3 4 orders  „T  ”°'f  a"d  n°' by  iaser  "°ise. 
technique  in  considerable  detail  in  two  recent  nubliran  f ™«”‘,ude-  w«  have  described  this 
frequency  diode  laser  detection  methods  lev  ons'  “ci ^udmg  comparisons  with  other  high 

widely - uL’at’ : Mzfr^umcfes L“ve?“Xttimof a ^ n ' sP“'™copy»  techniques 
/ on  the  diode  laser  injection  current  In  theTmall  modid* ^a"  smus0,dal  modulation  at  frequency 
denvattveof  the  original  molecularabsoq,  ion  fln  ha«  , f WMS  lineshaPa  the  „» 

minimal  and  detector-limited  (ideally,  shomot^d^ted)  smsifivity  can^beachhwed ' *3Ser 
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experimental  hardware 

TUa  /Ar>tip.al  lavout  is  fairly 


The  optical  layout  is  fairly 
simple.  The  laser  is  collimated 
by  an  anti-reflection  coated 
aspheric  lens  to  a diameter  of  ~1 
mm  and  is  pointed  onto  an  X-  Y 
optical  scanner  placed  at  t e 

focus  of  an  off-axis  paraboloid. 

This  combination  rasters  t e 
laser  beam  across  the  flame.  A 
second  off-axis  paraboloid 
focuses  the  beam  onto  a sing  e 

detector.  We  expect  this  device 

to  have  an  image  rate  of  about 
200,000  pixels  per  second 
allowing  100x100  arrays  to  be 
obtained  at  a rate  of  20  Hz.  This 
high  data  rate  is  attainable 


Experimental  Diagram 


Laser  Scan  Pattern 


Variable 

freq. 

Variable 

range 


Fast  Axis 

^ 

1 .2  kHz;  variable  range 


System  resolution  laser  beam  limited 

force  a modulation  frequency  o computer  t0  be 

5 MHZ  no  MHz)  Raster  scanning  also  allows  the  ^“^'“emporal  and  spatial 
Preliminary  results  have  in  the  water  transition  (7,6,2)xv>°>  > have 

slightly  less  absorption  due  to  water  vapor. 
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CONCLUSIONS 

The  goal  of  this  project  is  to  take  video  frame 
OH  nCS  of  water  vaPor.  methane  and  possible 

OH  n fl  s,  The  prelim.naiy  resu|(s 
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OPTICAL  DIAGNOSTIC  OF  DROPLETS  IN  MICROGRAVITY 

P.  Massoli,  Istituto  Motori  - C.N.R.,  Via  Marconi  8,  80125  Napoli,  Italy 
massoli@motori.im.na.cnr.it 


INTRODUCTION 

The  study  of  vaporizing/buming  droplets  is  essential  for  understanding  the  mass  and  heat 
transfer  processes  in  combustion  systems.  More  and  more  sophisticated  models  have  been 
developed  to  describe  the  transport  phenomena  inside  droplets  and  in  the  outer  environment. 
Despite  their  large  use,  especially  in  complex  codes,  up  to  now  their  experimental  validation  has 
been  extremely  scarce.  A severe  verification  of  droplet  models  is  obtained  by  measuring  droplet 
properties  (size,  temperature,  and  composition)  during  heating-vaporization-buming  process. 

Microgravity  represents  one  of  the  most  powerful  tools  when  detailed  combustion  studies 
have  to  be  performed.  In  microgravity  environments  the  absence  of  buoyancy  permits  in  many 
cases  the  reduction  of  three-dimensional  problems  to  mono-dimensional  ones  with  remarkable 
simplification  of  phenomenon  complexity  and  thus  of  modeling.  Droplets,  in  this  view,  represent 
one  of  the  most  emblematic  cases. 

In  this  contribution  the  application  of  light  scattering  methods  to  study  droplets  in 
vaporizing/buming  regime  will  be  discussed.  The  proposed  techniques  are  particularly  suitable  to 
develop  simple  and  compact  equipment  to  study  droplets  in  microgravity  environments. 

LIGHT  SCATTERING  BY  UNSTEADY  VAPORIZING-BURNING  DROPLETS 

Light  scattering  techniques  represent  the  best  candidates  to  study  reactive  droplets,  being 
sensitive  to  size,  shape  and  composition  of  the  scatterers.  In  recent  years  many  optical  systems, 
based  on  the  measure  of  the  properties  of  elastically  scattered  light,  have  been  developed  to 
determine  in  situ  and  non-intrusively  velocity,  size  and  optical  properties  of  single  droplets  inside 
sprays  III.  The  Lorenz-Mie  theory,  which  is  strictly  valid  for  homogeneous  spheres,  is  generally 
used  as  basis  of  these  techniques. 

However,  homogeneous  droplets  represent  a limit  case  in  practical  combustors,  being  the 
typical  droplet  lifetime  of  the  same  order  of  magnitude  of  the  transient  heating  period.  Thus, 
normally  droplets  vaporize  and  bum  in  an  unsteady  state  regime  /2-4/.  In  case  of 
monocomponent  fuels  a gradient  of  temperature  and  consequently  of  density  is  established  inside 
the  droplets.  This  implies  a gradient  of  the  real  part,  n,  of  the  refractive  index.  In  case  of 
multicomponent  fuels,  the  preferential  vaporization  of  lighter  compounds  will  generate  species 
concentration  profiles  and,  hence,  of  both  the  real  and  imaginary  part  of  the  refractive  index.  The 
situation  is  ulteriorly  complicated  if  liquid  phase  pyrolysis  of  the  parent  fuel  occurs,  this  resulting 
in  a strong  increase  of  the  imaginary  part  of  the  refractive  index,  k 151.  Thus,  vaporizing-buming- 
reactive  droplets  will  typically  present  internal  variations  of  both  the  real  and  imaginary  part  of 
the  refractive  index. 

Here  the  case  of  reactive-unsteady  vaporizing-burning  droplets  in  quiescent  microgravity 
environment  is  treated.  Thus,  droplets  are  expected  to  present  radial  symmetric  refractive  index 
profiles.  In  that  case  the  Lorenz-Mie  theory  is  not  adequate,  being  valid  solely  for  homogenous 
droplets,  and  more  sophisticated  models  to  interpret  light  scattering  by  inhomogeneous  sphere 
have  to  be  used.  To  compute  the  scattering  by  radially  inhomogeneous  droplets  the  Finely 
Stratified  Sphere  Scattering  Model,  FSSSM,  was  used  161.  This  approach  allows  the  computation 
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of  the  scattering  by  stratified  spheres  with  a high  number  of  layers.  By  using  the  FSSSM  with  a 
sufficient  number  of  layers  (namely,  few  thousands)  the  scattering  by  spheres  with  any 
continuous  internal  refractive  index  profile  can  be  calculated  with  good  accuracy  /6/.  Different 
shapes  of  the  internal  refractive  index  profile,  m( r)  =«(r)-i£(r),  were  considered  in  the  present 
study.  «(r)  and  k(r)  were  varied  in  the  ranges  1.3- 1.6  and  10  6 to  10  \ respectively.  These  profiles 
should  cover  the  majority  of  cases  expected  during  droplet  vaporization,  combustion,  and  liquid 
phase  pyrolysis  or  chemical  transformation  processes.  Droplets  with  size  lower  then  100  pm  are 
treated  here;  that  is  the  maximum  droplet  size  encountered  in  practical  combustors. 

SIZING  OF  DROPLETS  BY  LIGHT  SCATTERING  MEASUREMENT  IN  FORWARD 

In  this  section  a very  simple  inexpensive  technique  to  measure  the  size  of  both  homogeneous 
and  radially  inhomogeneous  droplets  will  be  discussed. 

A careful  analysis  of  theoretical  light  scattering  angular  patterns  highlighted  that  the  cross 
sections  relative  to  homogeneous  and  radially  inhomogeneous  droplets  with  the  same  diameter  D 
but  different  refractive  indices  were  almost  identical  at  a scattering  angle  near  30°  /7,8/.  At  this 
angle,  flind,  the  scattering  intensities  crossed  together,  especially  for  horizontally  polarized  light 
(Fig.l).  Depending  on  the  total  variation  and  shape  of  the  refractive  index,  slightly  different 
angles  can  be  chosen,  but  0jnd=30o-33°  represents  the  best  compromise  for  liquid  droplets  with  n 
or  «(r)  ranging  between  1.3  and  1.6.  The  identification  of  i3ind  posed  the  basis  for  a very  simple 
inexpensive  technique  to  measure  droplet  size.  In  fact  in  forward  the  light  is  mainly  scattered  by 
reflection  and  refraction,  effects  that  depend  on  the  square  of  the  scatterers  diameter.  Thus: 

IHH(«(r),D,  0)  = K D2  at  0=0ind 

where  H stands  for  horizontal  polarization  of  the  light  and  K is  the  experimental  calibration 
factor.  Therefore  the  measurement  of  light  scattered  at  i3ind  permits  of  inferring  the  size  of 
homogeneous  and  radially  inhomogeneous  droplets  even  if  n or  n{ r)  are  unknown.  The  residual 
slight  dependence  of  the  cross  sections  on  n or  n( r)  gives  a size  uncertainty  of  about  2.5%  in  case 
of  vaporizing  droplets.  Experimental  tests  carried  out  on  droplets  heated  in  a drop  tube  furnace 
were  in  good  agreement  with  theoretical  expectations  /8/. 

SIZING  OF  DROPLETS  BY  MIE  SCATTERING  IMAGING 

Light  scattered  by  droplets  shows  a complex  angular  structure  characterized  by  large  intensity 
oscillations  along  the  entire  pattern.  In  case  of  homogeneous  droplets  the  oscillations  have  an 
almost  uniform  periodicity  A0sl80°/a  (where  a is  the  size  parameter  a-nD/X  and  X represents 
the  radiation  wavelength  in  the  vacuum)  191.  Relevant  feature  is  the  almost  total  independence  of 
A#  on  the  droplet  refractive  index.  On  this  basis,  an  optical  technique  to  measure  the  size  of 
homogeneous  droplets  was  developed  /10/.  A new  optical  set-up,  based  on  a planar  imaging  of 
the  scattered  light,  permitted  the  extension  of  the  technique  to  2D-spray  analysis.  Sideward  out- 
focus  images  of  droplets  in  a spray  were  captured.  The  size  of  droplets  was  measured  by  counting 
the  number  of  fringes  present  in  each  defocused  drop  image  /ll/.  This  approach,  that  we  could 
call  Mie  Scattering  Imaging , MSI,  was  subsequently  improved  /12/  and  applied  with  good  results 
to  estimate  the  fuel  droplets  diameter  distribution  in  a spark  gasoline  engine  /13/.  However,  the 
application  of  the  MSI  technique  has  been  limited  to  homogeneous  droplets  till  now. 
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By  using  the  FSSSM,  the  angular  oscillations  periodicity  AO  was  computed  in  the  case  of 
transparent  radially  inhomogeneous  droplets.  The  imaginary  part  of  the  refractive  index  was  kept 
fixed  to  10'6  (transparent  droplets)  while  n( r)  ranged  between  1.3  and  1.6.  Different  shapes  o 
„( r)  were  considered.  The  results  relative  to  homogeneous  and  radially  inhomogeneous  droplets 
show  that  the  periodicity  of  oscillations  is  not  constant  along  the  angular  pattern  and  some 
dependence  on  refractive  index  is  observed.  However,  in  the  sideward,  between  f>=40°  and  t> 
=80°,  AO  is  practically  constant  and  the  dependence  on  the  refractive  index  reduces  to  a 
minimum  at  0=60°.  At  this  angle  the  oscillation  periodicity  scales  with  droplet  diameter 
according  to  the  relation: 

A0(0,  «(r),  D)  = 1.12  (180°  / a)  at  0=60°. 

The  residual  dependence  of  AO  on  the  refractive  index  results  in  a diameter  uncertainty  of  about 

4%.  . . , , . 

In  a second  series  of  tests,  the  FSSSM  was  used  to  compute  the  scattering  by  absorbing 

radially  inhomogeneous  droplets.  In  this  case  n was  kept  fixed  to  1.5  while  k(r)  was  varied 
between  106  and  10'2.  Generally  speaking,  the  increase  of  droplet  absorption  results  in  a 
diminution  of  scattered  light  (at  least  until  k is  not  very  high).  Thus  the  increase  of  droplet 
absorption  should  have  no  influence  on  Ad,  being  the  intensity  oscillations  due  to  the 
interference  between  refracted  and  reflected  light.  As  a matter  of  fact,  no  difference  in  Ad  was 
observed  when  absorbing  droplets  were  studied.  On  the  contrary  the  increase  of  droplet 
absorption  has  a strong  influence  on  the  experimental  observation  of  the  intensity  fringes,  namely 
on  their  visibility.  The  visibility  of  a signal  oscillating  between  a maximum  Imax  and  a minimum 
Imin  can  be  defined  as  tj  = (Imax-U„)/(W+Imin)  and  runs  between  0 and  1.  A visibility  nettf  l 
indicates  a strong  fringe  contrast  and  thus  an  easy  recognition  of  oscillations.  FSSSM 
calculations  show  that  in  case  of  light  vertically  polarized,  visibility  is  typically  higher  than  0.8 
up  to  an  optical  droplet  depth,  T = «D,  lower  than  0.1.  For  r > 0.1,  visibility  collapses  very 
rapidly  to  zero.  On  the  contrary,  visibility  of  horizontally  polarized  fringes  is  low  and  almost 
constant  up  to  r=  0.1;  after  shows  a sharp  peak  around  r = 0.4  and  then  finally  goes  to  very  low 
values  ( tj  < 0.1)  (Fig.2).  The  dependence  of  Ton  the  polarization  state  of  light  is  characteristic  of 
both  homogeneous  and  radially  inhomogeneous  droplets.  In  case  of  homogeneous  droplets  K-k. 
In  case  of  radially  inhomogeneous  droplets,  the  optical  thickness  r is  function  of  both  the  total 
variation  and  shape  of  k(r).  However,  for  small  droplets  and  for  smooth  profiles  r is  mainly 

sensitive  to  the  higher  value,  kmax,  of  k( r);  thus  k ~ kmax ■ 

In  conclusion  the  angular  spacing  of  intensity  oscillations  in  the  sideward  (in  particular  at 
t3=60°)  is  almost  independent  of  the  refractive  index  and  scales  inversely  with  the  droplet 
diameter.  On  these  bases  the  Mie  Scattering  Imaging  technique  can  be  applied  to  measure  the 
size  of  transparent  or  absorbing  homogenous  and  radially  inhomogeneous  droplets. 

In  this  contribution  light  scattering  methods  able  to  infer  the  size  of  droplets  of  unknown 
optical  properties  have  been  discussed.  These  techniques  should  result  appropriate  to  study 
unsteady  droplet  evaporation-combustion  and  whenever  internal  droplet  radial  symmetry  is 
expected.  Thus  the  discussed  optical  methods  could  represent  very  useful  tools  in  order  to  test 
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evaporation-burning  droplet  models  especially  in  microgravity,  in  high-pressure  conditions,  and 
when  complex  fuels  have  to  be  studied.  In  addition  they  are  simple  and  prone  to  be  applied  in 
experiments  where  requirements  of  compactness,  low  energy  consumption  and  facility  of  use  are 
recommended.  Besides  size  and  composition,  temperature  is  the  other  relevant  property  of 
droplets  that  should  be  measured.  A recent  paper  showed  that  existent  light  scattering  techniques 
are  not  able  to  measure  temperature  of  radially  inhomogeneous  droplets  /l/.  Thus  such 
techniques  are  not  applicable  in  the  more  interesting  cases  of  unsteady  droplet  processes.  Efforts 
will  be  expended  in  the  next  future  to  cover  this  relevant  lack. 
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scattering  angle,  (deg) 

Fig-1  Angular  patterns  of  20  pm  radially 
inhomogeneous  transparent  droplets  (h(r)-0)  with 
different  refractive  index  profiles  n( r).  n(r)  ranged 
between  1.3  and  1.6. 


Fig-2  Visibility  of  vertically  (empty  symbols)  and 
horizontally  (full  symbols)  polarized  oscillations 
fringes  for  radially  inhomogeneous  absorbing  droplets 
with  different  refractive  index  profiles  k(r).  k(r) 
ranged  between  10  6-10  2 ; n( r)  was  kept  fix  to  1.5. 


204 


■'  _ ..-*v 

• "V/ 

LASER  OPTOGALVANIC  SPECTROSCOPY  OF  NEON  AND  ARGON  IN 
A DISCHARGE  PLASMA  AND  ITS  SIGNIFICANCE  FOR 
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Introduction 


A detailed  study  of  combustion  mechanisms  in  flames,  employing  laser-based  diagnostics,  has 
provided  good  knowledge  and  understanding  of  the  physical  phenomena,  and  led  to  better 
characterization  of  the  dynamical  and  chemical  combustion  processes,  both  under  low-gravity  (in 
space)  and  normal  gravity  (in  ground  based  facilities,  e.g.  drop  towers).  Laser  induced 
fluorescence  (LIF)  (refs.  1-2),  laser-induced  incandescence  (LII)  (ref.  3)  and  LIF  thermometry 
(ret.  4)  have  been  widely  used  to  perform  nonintrusive  measurements  and  to  better  understand 
combustion  phenomena.  Laser  optogalvanic  (LOG)  spectroscopy  has  well-established 
applications  in  ion  mobility  measurements,  atomic  and  molecular  spectroscopy,  ionization  rates, 
recombination  rates,  velocity  measurements  and  as  a combustion  probe  for  trace  element 
detection.  Absorption  spectra  of  atomic  and  molecular  species  in  flames  can  be  obtained  via 
LOG  spectroscopy  by  measuring  the  voltage  and  current  changes  induced  by  laser  irradiation. 

here  are  different  kinds  of  processes  (ref. 5)  that  contribute  to  a discharge  current,  namely:  (i) 
electron  impact  ionization,  (ii)  collisions  among  the  excited  atoms  of  the  discharge  species  and 
(m)  Penning  ionization.  In  general,  at  higher  discharge  currents,  the  mechanism  of  electron 
impact  ionization  dominates  over  Penning  ionization,  whereby  the  latter  is  hardly  noticeable  In 
a plasma,  whenever  the  wavelength  of  a laser  coincides  with  the  absorption  of  an  atomic  or 
molecular  species,  the  rate  of  ionization  of  the  species  momentarily  increases  or  decreases  due  to 
laser-assisted  acceleration  of  collisional  ionization.  Such  a rate  of  change  in  the  ionization  is 
monitored  as  a variation  in  the  transient  current  by  inserting  a high  voltage  electrode  into  the 
plasma.  Optogalvanic  spectroscopy  in  discharges  has  been  useful  for  characterizing  laser  line- 
widths  and  for  providing  convenient  calibration  lines  for  tunable  dye  lasers  in  the  ultraviolet 
visible  and  infrared  wavelength  regions.  Different  kinds  of  quantitative  information,  such  as  the 
electron  collisional  ionization  rate,  can  be  extracted  from  the  complex  processes  occurring  within 
the  discharge.  In  the  optogalvanic  effect  (OGE),  there  is  no  problem  of  overlap  from 
background  emissions,  and  hence  even  weak  signals  can  be  detected  with  a high  signal-to-noise 
ratio,  which  makes  the  optogalvanic  effect  sensitive  enough  to  resolve  vibrational  changes  in 
molecular  bonds  and  differences  in  energy  levels  brought  about  by  different  electron  spins  For 
calibration  purposes,  neon  and  argon  gaseous  discharges  have  been  employed  most  extensively 
because  these  gases  are  commonly  used  as  buffer  gases  within  hollow-cathode  lamps  and 
provide  an  acceptable  density  of  calibration  lines.  In  the  present  work,  our  main  aim  has  been  to 
understand  the  dominant  physical  processes  responsible  for  the  production  of  the  OGE  signal, 
based  on  the  extensive  time  resolved  optogalvanic  waveforms  recorded,  and  also  to  extract 
quantitative  information  on  the  rates  of  excited  state  collisional  processes. 
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Experimental  , , t.-  e T„ 

The  experimental  arrangement  used  for  recording  the  optogalvanic  spectra  is  shown  in  Fig.  1 • 

this  figure,  a dye  laser  (DL)  is 

pumped  by  the  second  harmonic 
of  a Nd:YAG-laser  (YL)  running 
at  10  Hz.  The  output  beam  had  a 
pulse  duration  of  about  20  ns  and 
a nominal  line  width  of  0.07  cm 
(without  any  intra  cavity  etalon). 
An  uncoated  quartz  wedge  (QW) 
was  inserted  in  the  optical  path  of 
the  primary  beam  to  pick  off  two 
weak  beams  (each  about  5%  of 
the  primary  pulse  energy).  One 
of  the  beams  entered  through  a 1 
mm  diameter  aperture  to  the 
cathode  of  either  a commercial 
iron-neon  hollow  cathode  lamp 
(Perkin  Elmer)  (HCL)  or  an  Ar- 
containing  commercial  Laser 
Galvatron  (L2783-26NE-FE,  Hamamastu  Co.)  containing  argon  (2  Torr),  neon  (3  Torr)  and  trace 
amounts  of  iron  vapor.  The  second  beam  traversed  a negative  lens  (NL)  and  illuminated  an 
uncoated,  parallel-faced  6 mm  quartz  disk  at  a small  angle  of  incidence  (1-2  deg),  which  served 
as  a low-finesse  etalon  (ET).  An  interference  pattern  (generated  by  the  reflection  beams  from  the 
front  and  rear  surfaces  of  the  disk)  is  recorded  after  passage  through  a pinhole  aperture  (AP)  by  a 
photodiode  (PD).  The  third  beam  is  directed  to  record  the  LIF-spectrum  of  the  OH-free  radical 
in  a propane-air  flame  for  calibration  of  the  optogalvanic  spectrum  of  argon.  A Jugh  ’ voltage 
power  supply  (PS)  and  a ballast  resistor  (R)  of  20  KQ  for  the  iron-neon  lamp  (and  30  KQ  for  the 
Ar-containing  commercial  Laser  Galvatron)  were  used.  When  the  laser  pulse  is  resonant  y 
absorbed  by  the  discharge  medium,  the  voltage  across  the  lamp  vanes,  and  these  variations  are 
coupled  via  a capacitor  (C)  to  a boxcar  (BC)  integrator.  Temporal  evolution  of  the  signal  was 
recorded  by  a digital  oscilloscope  (OSC).  Outputs  of  the  boxcar  and  the  photodiode  were 
recorded  with  a microcomputer-aided  (PC)  data  acquisition  system. 

Results  and  Discussion 

To  quantitatively  characterize  the  dominant  physical  processes  contributing  to  the  optogalvanic 
effect  signal  in  a discharge  plasma,  it  is  desirable  to  analyze  the  optogalvanic  signal  associated 
with  a particular  transition.  The  observed  intensity  of  the  OGE  signal  as  a function  of  time 
(when  the  laser  is  tuned  to  a transition,  in  the  present  case,  neon/argon)  is  given  by  the  sum  of 
the  signals  originating  from  all  the  energy  states  involved,  and  is  given  by  (Ref.  6) 

S(t)  = Si  (t)  + Sk  (t)  + £Sj(t)  (l)  . 

where  St  and  Sk  are  the  contributions  from  the  lower  state  |i>  and  the  upper  state  |k)  associated 
with  the  laser  excitation,  respectively.  In  addition  to  |i>  and  |k>  states  that  are  directly  involved 
in  optical  excitation,  contributions  to  the  OGE  signal  may  also  arise  from  another  lower  state  |j> 
that  the  state  |k>  can  relax  to.  The  third  term  in  Eq.  (1)  is  due  to  this  contribution.  The  shape 
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and  intensity  of  the  OGE  waveform  is  dependent  on  Njloj  and  NkIok  where  N,  and  Nk  are  the 

:~ir,auons  o/ the  srs  ]i>  and  |k>  invo,ved’  -o  *•  «*■■»  -iSs *££ 

„„  P . 1 , e and  0k-  !t  must  be  remembered  that  the  collisional  ionization  parameters 

Ik)  states  Theobs^  ^leCtron  colIisional  ionization  cross  sections  associated  with  the  |i>  and 
|k)  states.  The  observed  waveform  was  fitted  to  the  expression  given  by  where  a and  c are  the 
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amplitudes  and  b and  d 
are  the  decay  rates  for 
the  two  states  involved 
in  a transition,  x is  the 
instrumental  time 

constant  of  the 
waveform  for  the  OGE 
signal.  The  time 
constant  is  crucial  in 
determining  the  fast  time 
region  of  the  OGE 
signal  and  cannot  be 
neglected.  It  can  be 
determined  by  fitting 
Eq.  (2)  to  the 
experimental  waveform. 
A non-linear  least- 
squares  program  was 
used  to  fit  Eq.  (2)  to 
obtain  parameters  that 
determine  the 

amplitudes  and  decay 


rates  of  the  transitions.  In  the  present  work,  the  experimentally  obseS Ze^resTed 
waveform  associated  with  the  neon  640.299  nm  transition  (MM  W«n  k 00E 
understand  the  collisional  ionization  of  the  excited  Zml 'in 

cu^efo  cxtendping  ?om  ° ^ ,o  200  ^ ,oge,her  wi,h  ,h' fitted 

ionization  of  X Lted  r “ F,g'  2'  Sirailarly-  '°  the  collisional 

finldtr  °ft‘he  3f  b h66  transitk,n  °phe 

^rr0ffrsrg-^ 

values  of  c and  d are  fixed,  and  only  three  parameters  t.  a and  b went  estimated  8 ' 

Conclusions 
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Fig.  3.  Fitted  and  observed  signal  of  argon  at  320.366  nm  for  a discharge  current 
of  5.0  mA 
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collisional  ionization  rates. 
Based  on  the  present 
analysis,  we  conclude  that 
the  electron  collisional 
ionization  of  neon  and  argon 
atoms  is  the  main 
determining  factor  for  the 
time-dependent  OGE  signals 
for  both  the  neon  (640.299 
nm)  and  argon  (320.366  nm) 
transitions.  It  is  hoped  that 
the  LOG  characterization 
and  quantification  of  the 
significant  physical 

processes  in  a discharge 
plasma  will  help  refine  laser- 
based  diagnostics  of  both  1 -g 
and  qg  combustion 


of  5.o  mA  processes. 

Table  I Frried  papers  obrained  from  a non-linear  le^.-squares  fit of  .he  observed  op.ogalvanic  signal  of  .he 
neon  and  argon  Iransilio.s  a.  0.5  mA  and  5.0  mA,  respect, veljo __ 

4.8w“s)1b  2.510  (77)  pS 

1 -1.6093(15)mV  -7.7384(50)  mV 

“ 7.692(32)  x 1 0'2  pS  3.2747(37)  * 10'  pS 


9.262(25)  x 10  ' mV 
1.5030(24)  x 10~2  gS 


7.26097*  mV 
3.10886  x 10  '*m 


"Value  fixed  in  the  fit. 
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INTRODUCTION 

As  a result  of  the  ongoing  exploration  of  Mars  and  the  several  unmanned  and  manned  missions 
planned  for  the  future,  increased  attention  has  been  given  to  the  use  of  the  natural  resources  of  the 
planet  for  rocket  propellant  production  and  energy  generation.  Since  the  atmosphere  of  Mars 
consists  of  approximately  95%  carbon  dioxide  (C02),  this  gas  is  the  resource  of  choice  to  be 
employed  for  these  purposes.  Unfortunately,  C02  is  also  a final  product  in  most  combustion 
reactions,  requiring  further  processing  to  extract  useful  reactants  such  as  carbon  monoxide  (CO), 
oxygen  (02),  and  hydrocarbons.  An  exception  is  the  use  of  C02  as  an  oxidizer  reacting  directly 
with  metal  fuel.  Since  many  metals  bum  vigorously  with  C02,  these  may  be  used  as  an  energy 
source  and  as  propellants  for  an  ascent/descent  vehicle  in  sample-collection  missions  on  Mars. 

In  response  to  NASA's  Human  Exploration  and  Development  of  Space  (HEDS)  Enterprise  to 
search  for  appropriate  in-situ  resource  utilization  techniques,  this  investigation  will  study  the 
burning  characteristics  of  promising  metal/CCb  combinations.  The  use  of  reduced  gravity  is 
essential  to  eliminate  the  intrusive  buoyant  flows  that  plague  the  high-temperature  metal  reactions, 
to  remove  the  destructive  effect  of  gravity  on  the  shape  of  molten  metal  samples,  and  to  study  the 
influence  of  radiative  heat  transfer  from  solid  oxides  undisturbed  by  natural  convection.  In  studies 
with  large  metal  specimens,  the  burning  process  is  invariably  influenced  by  strong  convective 
currents  that  accelerate  the  reaction  and  shorten  the  burning  times.  Although  these  currents  are 
nearly  absent  from  small  burning  particles,  the  high  emissivity  of  the  flames,  rapid  reaction,  small 
length  scales,  and  intermittent  explosions  make  the  gathering  of  any  useful  information  on  burning 
rates  and  flame  structure  very  difficult.  This  investigation  has  the  ultimate  goal  of  providing  a 
careful  probing  of  flame  structure  and  dynamics  by  taking  advantage  of  large,  free-floating 
spherical  metal  samples  and  their  corresponding  long  burning  times  available  in  reduced  gravity. 

The  first  set  of  experiments  has  been  conducted  with  magnesium  (Mg)  samples  burning  in  the 
low-gravity  environment  generated  by  an  aircraft  flying  parabolic  trajectories.  Owing  to  its  high 
adiabatic  flame  temperature,  oxidizer/fuel  ratio,  and  heat  per  unit  mass  of  fuel,  as  well  as  its  low 
toxicity  and  low  ignition  temperature,  Mg  has  been  identified  as  a promising  metal  fuel  with  C02 
as  oxidizer.  The  experimental  effort  is  complemented  by  the  development  of  a numerical  model 
combining  gas-phase  chemical  kinetics  and  transport  mechanisms. 

EXPERIMENTAL  APPARATUS  AND  NUMERICAL  MODELING  TOOLS 

The  apparatus  and  experimental  procedures  used  in  this  investigation  have  been  described 
previously  [1]  hence  only  a brief  description  will  be  given  here.  The  ignition  source  consists  of  a 
1 000- W xenon  lamp  that  generates  a collimated  beam  with  broadband  radiation.  An  aspheric  lens 
focuses  the  beam  to  provide  a 2-MW/m  power  density  on  the  top  surface  of  the  metal  specimen. 
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A cylindrical  metal  sample,  with  equal  diameter  and  length  (2,  3,  and  4 mm)  is  supported  in  t e 
center  of  a 4.5-L  chamber  by  a 0. 1 3-mm-diameter,  type-/?  thermocouple  whose  junction  is  placed 
in  the  center  of  the  specimen.  The  thermocouple  measures  the  temperature  during  heat-up  and 
ignition  and  is  eventually  destroyed  by  the  flame  formed  around  the  sample.  This  supporting 
technique  allows  the  formation  of  a spherical  flame  around  a free-floating  specimen  in  the  absence 
of  gravity.  The  nearly  spherical  shape  of  the  sample  is  achieved  after  its  melting  prior  to  ignition. 

Magnesium  specimens  (99.95%  purity)  are  burned  in  a pure  C02  or  pure  CO  environment 
(99  6%  min)  at  a 1-atm  pressure.  A high-speed,  16-mm  movie  camera  provides  surface  and 
flame  visualization;  the  images  are  also  used  for  measurement  of  burning  times.  In  addition  to 
visible  light  imaging,  time-  and  space-resolved  spectral  information  on  gas-phase  reactants  and 
products  is  obtained  with  an  imaging  spectrograph  and  a diode  array  detector.  The  reduced- 
gravity  experiments  were  conducted  onboard  the  NASA  KC-135  research  aircraft  in  Houston, 
Texas  Up  to  20  s of  reduced  gravity  (±0.0 1 g)  were  available  in  a single  parabolic  maneuver. 

The  chemical-kinetic  numerical  modeling  of  the  Mg-CO/CO,  flames  is  performed  using  the 
CHEMKIN  computer  code.  In  the  case  of  metal  combustion  experiments  conducted  in 
microgravity,  a spherical  flame  is  nearly  achieved.  Under  these  conditions,  the  burning  can  be 
modeled  as  a one-dimensional,  spherically  symmetric  analogue  to  the  CHEMKIN-based  OPPD 
code  that  models  the  opposed  flow  of  fuel  and  oxidizer  in  a diffusion  flame  configuration. 


The  main  objectives  of  the  present  experiments  are  to  evaluate  the  burning  of  a spherical 
sample  in  a free-floating  configuration  in  low  gravity  and  to  obtain  a correlation  of  burning  time 
with  sample  size.  A spherical  shape  of  the  metal  sample  is  achieved  during  low  gravity  after 
melting  and  while  the  specimen  is  suspended  from  the  thermocouple  wire.  A smooth  surface  is 
not  generated  due  to  the  oxide  film  coating  formed  during  the  heat-up  phase.  Nonetheless,  a 
spherical  flame  forms  around  the  sample  after  ignition  (around  1 100  K),  which  immediately  melts 
the  thermocouple  wire  in  both  sides  permitting  the  unsupported  burning  of  the  metal.  Steady- 
state  burning  is  achieved  with  the  visible  flame  edge  at  a radius  twice  the  diameter  of  the  origina 
specimen.  The  burning  sample  remains  at  its  central  position,  which  is  perturbed  only  by  initial 
explosions  and  the  g-jitter  present  in  the  airplane.  The  explosions  are  a result  of  the  superheating 
of  the  metal  vapor  inside  its  protective  oxide  shell.  This  phenomenon  is  also  observed  in  Mg-02 
flames  [1]  and  has  been  reported  previously  in  Mg-C02  reactions  [2].  Slow,  steady  burning 
follows  the  initial  explosions  with  the  increasing  accumulation  of  solid  products  in  an  outer  shell. 
The  inner  sample  remains  black  with  some  solid  white  oxide  forming  in  the  surface. 

Figure  la  shows  the  correlation  of  burning  times  with  initial  sample  diameter  for  the  low-g 
experiments  along  with  the  results  from  normal-g  tests  conducted  by  Legrand  et  al.  [3]  with 
particles  in  the  50  |im  to  2.5  mm  range.  These  results  correlate  well  with  the  tb  - Kd0  expression 
for  the  burning  time,  tb,  of  Mg  particles  with  initial  diameter,  d0,  although  the  burning  times  in 
low-g  are  twice  as  long  as  the  ones  obtained  in  normal-g.  Previous  experiments  [1]  with  Mg  in 
02  showed  the  same  trend  in  burning  times  between  normal  and  low  gravity.  It  appears  that  the 
slower  combustion  at  low  gravity  is  due  to  the  reduced  transport  of  oxidizer  to  the  metal  surface. 
This  behavior  is  expected  from  a diffusion  controlled  reaction. 

Several  tests  were  conducted  with  Mg  in  pure  CO  with  different  sample  sizes.  The  purpose  of 
these  experiments  was  to  observe  the  possible  role  of  the  heterogeneous  reaction  Mg+CO  - 
MgO(s)+C(s)  in  the  combustion  of  Mg  with  C02.  Shafirovich  and  Goldshleger  [4]  first  proposed 
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a mechanism  for  the  Mg/CQ,  reaction  based  on  the  gas-phase  reaction,  Mg+C02  = MgO(s)+CO 
and  the  heterogeneous  reaction  Mg+CO  = MgO(s)+C(s)  occurring  on  the  sample  surface.  In  all 
tests,  a dim,  slow  flame  developed  around  the  sample  after  ignition.  The  condensed  particles  of 
MgO  slowly  moved  outwards  due  to  their  initial  momentum.  The  reaction  continued  while  the 
external  radiation  from  the  lamp  was  present  but  immediately  stopped  after  the  lamp  was  turned 
off.  The  unbumed  sample  retained  its  original  shape  prior  to  ignition  with  a thick  black  coating 
around  it.  This  coating  appears  to  be  solid  carbon  C(s)  that  is  formed  during  surface  reactions. 
From  the  above  results  it  is  concluded  that  continuous  reaction  of  Mg  with  pure  CO  is  only 
possible  as  long  as  Mg  vapor  is  continuously  extruded  through  the  increasingly  thicker  carbon 
coating.  This  situation  may  require  a CO  environment  at  a temperature  above  the  ignition  value. 


O)  (b) 

Figure  1.  (a)  Burning  time  vs.  initial  sample  diameter  of  Mg  samples  burning  in  C02  at  1 atm  in 
reduced  gravity  (this  investigation)  and  normal  gravity  (from  [3]).  (b)  Temperature  and 

concentration  profiles  from  the  OPPDIF  model  of  the  reaction  zone  near  the  surface  of  a Mg 
sample  where  Mg  is  vaporizing  (left  boundary)  and  burning  in  C02  that  is  diffusing  from  the 
surroundings  (right  boundary). 

A simplified  numerical  model  of  the  one-dimensional,  spherically  symmetric  Mg/C02  flame  was 
performed  using  the  analogue  opposed-flow  diffusion  flame  configuration  available  from  the 
OPPDIF  code.  The  combustion  process  is  modeled  as  a metal  surface  at  the  boiling  point  of  Mg 
(1366  K)  from  which  the  metal  is  vaporizing.  A counter  flow  of  C02  is  imposed  to  provide  a 
stoichiometric  mixture.  The  temperature  in  the  C02  boundary  is  held  at  1200  K.  The 
vaporization  rate  is  calculated  from  the  experimental  value  of  the  burning  rate  of  Mg.  This  value 
is  also  used  for  the  velocity  of  C02  to  ensure  that  the  stoichiometric  surface  occurs  within  the 
defined  computational  domain  of  the  model.  The  pressure  throughout  the  reaction  zone  is  1 atm. 
The  12-step  reaction  mechanism  and  rate  constants  are  determined  from  the  literature  Since  the 
rates  for  the  Mg  reactions  with  C02  and  CO  are  not  well  known,  a sensitivity  analysis  was 
performed  to  obtain  the  best  fit  with  experimental  results.  Figure  lb  shows  the  results  obtained 
from  the  OPPDIF  code  for  temperature  and  species  concentration.  The  temperature  in  the 
reaction  zone  remains  relatively  constant  near  the  value  of  the  vaporization-decomposition  of 
MgO  (3430  K).  The  temperature  profile  drops  rapidly  near  the  C02  boundary  probably  due  to 
the  dissociation  of  C02  at  high  temperatures  and  to  the  low  exothermicity  of  the  Mg-C02  and 
Mg-CO  reactions.  There  is  an  indication  that  MgO(s)  and  C(s)  form  in  the  surface  of  the  sample 
where  Mg  reacts  with  CO  as  observed  in  the  experiments.  There  is  also  close  agreement  in  the 
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thickness  of  the  reaction  zone  obtained  numerically  and  the  one  observed  experimentally.  The 
observed  location  of  the  outer  shell  of  MgO(s)  coincides  with  the  concentration  peak  of  this 
element  in  Fig.  lb.  Several  OPPDIF  runs  were  attempted  with  Mg  reacting  with  different 
CO2/CO  ratios.  No  convergence  was  found  for  mixtures  with  more  than  65%  CO.  In  this  way, 
the  model  predicts  the  absence  of  significant  gas-phase  reactions  observed  in  the  Mg-CO  tests. 


This  investigation  studies  the  burning  behavior  and  flame  structure  of  Mg  in  a C02  atmosphere 
to  assess  the  feasibility  of  using  metal-CCE  reactions  as  an  in  situ  resource  utilization  technology 
for  rocket  propulsion  and  energy  generation  on  other  planets.  Suspended  metal  samples  ignited  in 
reduced  gravity  are  used  to  generate  free-floating,  burning  bulk  metal  samples  exhibiting  a 
spherical  flame.  Burning  times  twice  as  long  as  in  normal  gravity  and  five  times  longer  than  in 
Mg-02  flames  are  observed.  The  burning  time  is  proportional  to  the  square  of  the  metal  sample 
diameter  In  tests  conducted  with  pure  CO,  combustion  is  not  possible  without  constant  heating 
of  the  sample.  It  appears  that  surface  reactions  dominate  in  this  case  leaving  behind  a thick 
carbon  coating  around  the  molten  Mg  sample.  It  was  found  that  free-floating  metal  samples 
burning  in  low  gravity  are  very  sensitive  to  g-jitter.  The  spherical  shape  of  the  flame  tends  to  be 
distorted  and  the  sample  changes  location  in  the  direction  of  the  gravity  level  experienced  during 
the  flight.  Undoubtedly,  this  experiment  could  benefit  greatly  from  the  long-duration,  high-quality 

microgravity  environment  provided  by  orbiting  spacecraft. 

The  numerical  modeling  of  the  Mg-CO,  flame  structure  using  gas-phase  chemical  kinetics  and 
transport  mechanisms  produced  concentration  profiles  and  a reaction  zone  thickness  similar  to  the 
ones  observed  experimentally  and  a temperature  profile  close  to  the  measured  value.  Currently 
the  model  does  not  give  a complete  picture  of  the  metal -oxidizer  reaction  since  relevant  physical 
and  chemical  mechanisms  such  as  product  condensation,  radiation  heat  loss,  and  surface  reactions 
are  not  included.  There  is  also  a lack  of  information  on  reaction  rates  of  the  most  basic 
elementary  reactions.  Nevertheless,  this  initial  modeling  effort  represents  an  encouraging  first 
step  towards  the  development  of  a realistic  numerical  simulation  of  metal  combustion. 
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INTRODUCTION  nd  interaction  effects  of  multiple  Create  an  "aerosol" 

The  combustion  behavior  a ent  presents  a unique  oppo  h h loud  flame  structure  and 

project.  The  microgravity  en  P f particies,  so  that  bo > 1 microgravity 

consisting  of  relatively  can  be  characterized  tower.  Each  test 

individual  particle  combustio  b h^  ^ g naSA  Lewis  Research  J produce  a steady 

experiments  are  conducted ' is  g micrograVity,  a delay  req  t The  flame 

includes  aerosolizing  me  a P„  sol-  at  constant  pressure  using  , in  both  high  speed  movie 
—<*•  ^ifd'details^onn^ivMif^parlicle  combustion^ejt^hMd^smg^^  analysed  after  the 

sr::;::dsPtd  •« 

of  Ae  flame  propagahonin  magnesium  aerosol  is  being  developed. 

MAGNESIUM  AEROS COMBUSTIO N ^ were  aerosol  and  zones 

Magnesium  particles  in  observed  to  consist  ° P structure  is  typical  of 

[1  2J.  The  magnesium  aerosol  flame  m.  The  observed  Oame  sttuc  ^ ^ 

whose  radiation  differed  >n  ^ '«e“  y antic,paled  for  a coarse  me  td  P i0  the  Iange 

“volatile”  aerosol  Jt 'into  the  unbunt.  «V**  in  the 

velocity  of  propagation  of  the  pte  vily  flame  speed  "teas  zone,  at  a 

of  0_i  5-0.30  ^nS^ti"propagated  and  the  width 

literature  [3,4].  The  co  observed  that  the  width  of  the  pr  a(so  observed  that  the  rates 

rate  of  less  than  0.1  m/s.  during  the  flame  propagal tl0“.  , ith  periods  of  several  tens  of 

0(  rhe  combust, on  zone  deer  “ed  Bcombustkm  .ones  osc, Hated  wt*  p 

of  propagatton  of  both  the  pr  heat  zone.  They  were 

milliseconds.  seen  in  the  unburnt  gas  and  V e eriments  groups  of 

Individual  particles  c me  front;  however,  . iled  description  of  the 

observed  to  move  towards  the  flame  front.  A detailed 

particles  in  the  pre-hea  presented  elsewhere  [2].  inertial  lag  between  the 

Lgnesium  combustion  expenm  P ^ .mportance  of  th  } in  the  development 

of  an  aerosol  flame.  Th  p apvelooed.  The  model 

computations  for  magnesium  part  21! 


coMBust,on„faerosouzedmetalpari7cles 

'Z'n.  C.H.  Berman.  V.K.  Hoffman,  and  E.P.  Vicenzi 

being  analyzed  The  H 

Ae  model  is  being  a^e^m  T ^ develoP'ng  dunng7he  fl  t a"d  COmbustion 

bU™„gcloud. 

COMBUST, ON 

united  and  finer  particles  r-37? JJ10!®8  (+50  Mesh>  diameters  greater  tho 

microgravity  experiments.  In  each  exrcri  ^ ^ 44  Mm  diameter)  were  used  in  ^m)fC°U,d  not  be 
was  observed  to  consist  nf  m n-  Penment, a flame  started  to  nrorvm  *■  ^rst  series  of 

flame  structure  from  the  hmh  bright  Sp°tS’  likely  individual  Lff?  ^ m the  igniter  wire  and 

to  form  in  the  wake  of  the  flfrne^Th  “T® imagCS  is  shovvn  in  FiS  M^ee  a*  T‘  A VieW  °f  the 

1 
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Equivalence 
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are^)bserved^c>S foi^in^e^^e^f^C°^Um  powders  are  shown  in  Fig  2 Lar 

o“«r ' ^ ‘tr:31  s of  “ 

produced  to  compensate  forth°  ***  Stefanflow  directed  towards  the  f°r  the  formation 

burning  particle  surface  that  acts  ^ maSS  lmbalance  created  by  the  inward  C SUlfaCe‘  This  flow  is 
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, , 5 um  diameter  and  smaller  during  its 

Xm^rstire^meTm 

120  Mm- »s  therefore,  significant 

expected  eltect  is,  particle 

a„d  can  indeed ,c“  further  be  ampl®d 

agglomeration.  It  can  furt  „y  a 

if  unignited  Particl“  “ P couision 
^rainbePc™seeoafn  contact  with  the  hot 
burning  surface).  In 

time  of  the  growing  of 

becomes  longer  and  ns  spn 

influence”  expands  further.  oBium  microg,av,iy 

Of  the  average  atomic  number  a ^ dksolved  gas  (or  stoichiometnc  »xri  ^ ^ demen,al 

brighter  and  the  phases  nc  darker.  A"  ' made  using  several 

, compositions  p,„,,ed  on  a ternary 

gSg^r^saSS 
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Oxide  Layer  Effects  in  Metal  Particle  Combustion 


Dirk  Meinkohn 

German  Aerospace  Center  DLR 
74239  Hardthausen,  Germany 


1 Deficiencies  of  Current  Models 

By  and  large  all  current  combustion  modelling  for  metal  particles  may  be  traced  back  to  a com- 

STvZ11'  h V 0ri8in,al  formuIation  ^ Lawt»]  which  in  essence  is  based  on  the  concept 
of  a vapour-phase  flame  enveloping  the  particle.  The  Law  model  is  set  up  in  close  analogy  with 

produced  °n  m°de  f°r  3 hydrOCarbon  fuel  dr°Plet  where  gaseous  oxides  C02  and  H20  are 

The  elements  grouped  as  ’metals’  for  combustion  applications  are  distinguished  by  a heat  of  com- 

meTshr  th1!  hrgf[2]  C°mparison  tothat  of  hydrocarbons[3].  A convenient  physical  argu- 

rh  h a ^ ^ !fge  hCat  °f  combustlon  entails  a strong  preference  of  the  metal  oxides  for 
the  condensed  state  of  aggregation,  so  that  the  physics  of  metal  combustion  must  differ  from  that 

hydrocarbon  combustion.  It  is  an  essential  shortcoming  of  the  Law  model  that  the  condensed- 
phase  nature  of  the  reaction  products  is  not  properly  recognized.  Typically,  the  surface  o7m"al 
p rticles  in  combustion  is  covered  by  a condensed-phase  oxide  layer.  Some  of  its  evolutions  result 

tTcs8Thesne  ^ formation  which  designate  important  combustion  characteris- 

m°del  U d0eSn>t  " pr°Vlde  for  tbe  and  the 

With  respect  to  a flame  envelope,  the  metal  oxide  may  be  grouped  in  two  fractions.  Metal  oxide 
wh,ch  ,s  outS,de  the  flame  envelope  condenses  in.o„-siZe  smoke  panicles  wh.ch  eventually 

the  mrt  ? T CX  ,aUSt'  JhC  °ther  fraCti°n  °f  the  °xide  is  in  between  the  flame  envelope  and 

urfa^ COndeinSeSl°n  tbe  partic,e  surface  where  d ^s  a uniform  or  nonuniform 
surface  layer.  The  Law  model  makes  the  indiscriminate  assumption  of  a uniform  surface  layer  of 

of  s rnn  ^ resistance>  but  1gnitl°n,  extinction  and  cap  formation  arise  from  surface  layers 

of  strong  nonuniformity  and  strong  transport  resistance.  The  importance  of  these  effects,  fJin- 

s ance  in  roc  et  propulsion  with  metallized  fuels  and  propellants,  is  well  documented[4,5]  Boron 
mid  aluminium  represent  primary  examples  of  metals  which  are  used  as  high-energy  additives 
or  oron,  a thick  oxide  layer  is  found  to  prevent  ignition  and  effective  combustion[6].  In  contrast 
with  boron,  aluminium  ignites  easily  but  has  the  tendency  to  form  oxide  caps  which  are  seen  as 
causing  major  problems  in  propulsion  applications^].  Ignition,  extinction  and  the  onset  of  cap 
formanon  are  associated  with  critical  states  of  the  particle  where  a sudden  change  ,n  the  reaction 
ode  occurs.  Such  branching  phenomena  are  easily  disturbed  by  even  small  perturbations  so  that 
their  experimental  investigation  is  expected  to  be  much  easier  under  reduced  gravity 


2 Ignition/Extinction  for  Critical  Marangoni  Numbers 

In  order  to  treat  effects  not  covered  by  Law[l],  an  alternative  model  is  formulated,  based  on  the 

primary  assumption  that  the  physics  of  the  oxide  surface  layer  is  of * 
combustion  For  this  model  to  remain  simple,  the  layer  is  assumed  to  be  thtn  but  nevertheless 
of  significant  transport  resistance.  The  layer  is  seen  as  a barrier  which  separates  the  metal  from 
the ^oxidizing  atmosphere.  Transverse  transport  of  heat  and  molecular  spec.es  (e.g.  oxygen  or 
metal  suboxides)  traversing  the  layer  is  of  primary  importance  since  it  drives  the  reaction  process 

fuel  ,0  the  reaction  site.  Transport  resistance  is  a function  of  the 

Jver  thickness  / such  that  for  an  increase  in  h there  is  an  increase  in  resistance[7-9]  The  mo 
includes  the  following  transport  processes:  (1)  transport  of  oxygen  towards  the  metal  surface  (2 
transport  of  heat  towards  or  away  from  the  metal  surface,  (3)  transport  of  oxide  in  the  am  len 
atmosphere  a/ay  from  the  particle.  In  order  to  demonstrate  the  capabilities  of  the  model,  the  sur- 
face of  the  metallic  core  of  the  particle  is  to  be  the  reaction  site,  which  assumption  correspon  s 

T^modd^ropo se s 'to  tr  e at  longitudinal  flow  in  a liquid  oxide  layer.  Ignition,  particularly,  is  to  be 
bought ^^o^by  a rupture  spreading  in  the  layer,  this  leading  to  a surface  cover  of  much  reduced 
thickness.  A changeover  from  a thick  layer  to  a thinner  one  amounts  to  a transition  from 

oxidation  mode  to  fast  combustion,  which  is  what  ignition  designates. 

The  model  assumes  that  longitudinal  film  flow  is  hydrodynamic,  but  that  conditions  of  strong 
transverse  transport  resistance  prevail.  Consequently,  the  well-established  thin  film  hydrodynam- 
ics[  10]  are  inapplicable,  since  they  are  based  on  neglect  of  dissipation.  While  ordinary  thin-film 
hydrodynamics  are  nonlinear-dispersive,  the  present  model  needs  to  be  nonlinear-dissipati  . 
fact,  thl  evolution  of  the  film  thickness  h,  which  is  the  primary  variable  of  the  combustion  process, 
is  determined  by  the  following  parabolic  evolution  equation[9]: 

afft  + V,[(^3a(VsVs)-  ^h2MJ^)Vsh]  — A.form/h  — Jvap-  (1) 

In  Ea  11)  the  following  parameters  occur:  h = oxide  layer  thickness,  t = time,  V5  - surface  nabla 
(in  longitudinal  coordinates),  <5  = surface  tension,  Ma  = (thermal)  Manmgon,  number,  T„  = layer 
tpmnerature  At  lh  = formation  of  layer  oxide,  Jvap  = vaporization  of  layer  oxid  . 

The  Marangoni  Afo  number  turns  out  to  be  of  primary  importance  as  to  ignition,  extinction  and 

the  onset  of  oxide  cap  formation.  It  is  defined  as  follows. 


Fn  m defines  the  thermal  Marangoni  number.  There  is  also  a solutal  Marangoni  effect  which  is 
^aily  fe^nhanrLrmal  L.  For  the  present  mode,  it  has  been  neglected,  a,o„g  w„h  the 

In-order  lo  investigate  ignition,  an  initial  state  is  assumed  in  which  the  particle  is  covered  by  an 
oxide  layer  of  uniform  thickness,  i.e.  without  variations  in  h.  This  gives. 

Vsh  - 0.  (3) 

Ignition  is  associated  with  a critical  state  of  a uniform  stationary  layer.  Such  stales  therefore  result 
as  roots  of  the  following  equation: 

Aform  » _ n (4) 

— , Jvap  — 

h 
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For  the  particular  case  of  boron  the  solutions  of  Eq.(4)  may  be  represented  as  functions  of  an 
independent  parameter  of  the  model,  which  is  chosen  to  be  the  temperature  Z U of  the  ambient 
atmosphere.  Fig.l  shows  the  layer  thickness  h and  the  layer  temperature  Th  as  functions  of  the 
ambient  temperature  T each  function  consisting  of  two  branches.  Branches  emerging  from  the 
origin  are  stable  whereas  the  other  branches  designate  stationary  uniform  layers  which  are  unsta- 
ble. Ignition  is  associated  with  with  the  critical  point  at  Too  - 1810  K where  there  is  a merger 
for  each  pair  of  stable  and  unstable  branches.  This  value  of  the  critical  ambient  temperature  was 
obtained  earlier  by  a number  of  authors  (see  e.g.  [ 1 1 ]). 

The  result  for  ignition  with  uniform  oxide  layers  may  now  be  improved  by  admission  of  symmetry- 


Fig.l:  Critical  State  and  Ignition  Fig.2:  Critical  Marangoni  Number  for 

Rupturing 

breaking,  which  is  brought  about  by  layer  rupturing.  For  this  purpose  the  thickness  h is  scaled  with 
respect  to  the  thickness  h0  of  the  initial  uniform  layer.  A small  perturbation  then  gives: 

h=l  + h{.  (5) 

The  nonuniform  thickness  perturbation  is  designated  by  /j,.  For  a demonstration  of  the  fact  that 
symmetry-breaking  leads  to  an  improvement  as  to  ignition,  the  initial  state  of  the  particle  is  as- 
sumed to  be  spherically  symmetric,  while  hx  is  to  be  axially  symmetric.  This  gives: 


*1  =*!(©)• 


(6) 


0 designates  the  polar  angle  of  a set  of  spherical  coordinates,  with  the  particle  center  at  the  origin. 

The  left-hand  side  of  Eq.(l)  is  given  in  terms  of  the  surface  Laplacian  L which  for  axial  symmetry 
results  as:  J 


L- V,  Vs  — 


sin(j0J  30 


4(sH0)4)- 


L as  given  by  Eq.(7)  has  the  eigenfunctions  /^(cosfl©))  which  represent  the  Legendre  polynomi- 
als. Since  {/\(1cos(|0]J}  form  a complete  function  set,  any  arbitrary  perturbation  /i,(0)  may  be 
expanded  in  a series  of  Legendre  polynomials.  For  a solution  to  be  stable,  it  needs  to  stable  with 

respect  to  any  perturbation.  Therefore,  improved  critical  states  are  obtained  if  the  perturbation  hx 
is  expressed  as:  1 


h l -- exp(1/rf]P*(cos(0]j , k—  1.2,3,  ... 


(8) 
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A negative  sign  of  the  parameter » designates  a stable  uniform  solution,  p is  obtained  ifEq.(8) 1S 
used  in  Eq.(l).  Critical  states  then  arise  for  a change  of  sign  of  the  real  part  of  fi.  Therefore, 
the  so-called  stability  diagram  is  given  as: 

%1/j)  = 0 -41  Ma* —i  Ma* (\Too) . (9) 

Ma*  designates  the  critical  Marangoni  number.  For  boron,  Fig.2  shows  Ma * in  the  stability  di- 
agram corresponding  to  Eq.(9).  The  shaded  regions  in  Fig.2  indicate  instability  with  respect  to 

The^gn  of  Ma  depends  on  the  substance,  but  also  on  the  direction  of  the  transverse  tempera- 
ture gradient.  There  is  therefore  a difference  between  the  case  of  self-heating  for  which  heat  is 
transported  away  from  the  particle,  and  the  case  of  thermal  heating,  for  which  heat  is  transported 
towards  the  particle.  For  boron  oxide,  da/dT  > 0 (cf.[12»  , so  that  self-heating  gives  Ma  > 0, 
whereas  Ma  < 0 for  external  heating.  Fig.(2)  shows  that  for  perturbations  given  y egen  re 
polynomials  of  the  lowest  orders  (cf.  Eq.(8))  there  is  only  a slight  improvement  of  about  200  K in 
the  case  of  self-heating,  whereas  for  external  heating  critical  states  are  obtained  for  much  lower 
ambient  temperatures  Such  an  observation  is  of  considerable  importance  when  an  improved 
ignition  readiness  needs  to  be  achieved  for  propulsion  applications. 

In  terms  of  Fig.(2)  a comparison  with  aluminium  is  also  possible.  For  aluminium  oxide, 
da/dT  < 0 (cf. [ 1 3]).  In  contrast  with  boron,  ignition  due  to  self-heating  is  therefore  easily  possi- 
ble with  infinitesimal  nonuniform  perturbations  driving  the  oxide  layer  to  rupture.  But  rupture  of 
an  oxide  layer  does  not  lead  to  its  disappearance  from  the  particle  surface.  Rather,  an  agglomera- 
tion in  the  form  of  an  oxide  cap  is  formed. 
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INTRODUCTION 

A distinguish  feature  of  aluminum  combustion  is  formation  of  condensed  products.  Despite  of 
great  significance  of  this  process  for  many  applications  (from  ceramic  to  dust  formation  in 
cosmos),  there  is  not  any  commonly  accepted  theoretical  model  of  this  process  [1],  First,  it  is  due 
to  the  difficulties  of  experimental  investigation.  These  difficulties  are  associated  with  high  values 
of  temperature  and  concentrations  gradients  around  burning  particle  that  restricts  application  of 
the  standard  methods  for  diagnostics  of  chemical  reactions.  Additional  difficulties  are  associated 
with  free  and  induced  convection  complicating  the  streamline  flow  around  the  burning  particle.  To 
overcome  these  problems,  an  advanced  experimental  technique  was  used  in  this  study.  It  allows 
one  to  determine  the  thermal  structure  of  reaction  zones  and  the  products  morphology  at  various 
moments  of  particle's  ignition  and  combustion.  This  technique  uses  a special  installation  for  multi- 
parametrical  study  of  single  particle  combustion  in  low  gravity  environment  [2,3]. 

There  are  several  reasons  to  investigate  droplet's  ignition  and  combustion  in  the  low-  or  micro- 
gravity environment.  First,  the  microgravity  gives  a unique  opportunity  to  avoid  non-regular 
disturbances  introduced  in  the  combustion  process  by  free  convection.  Such  conditions,  assumed 
in  many  theories  [1],  could  provide  a correct  comparison  of  theoretical  and  experimental  data. 
Second,  preliminary  experiments  [3]  have  shown  that  morphology  of  condensed  phase  of 
combustion  products  depends  significantly  on  gravity  level  and  other  characteristics  of  oxidizing 
gas-mixture.  That  is  why  the  emphasis  in  this  study  is  on  morphology  of  combustion  products  and 
their  dependence  on  combustion  conditions 

The  morphology  characteristics  of  condensed  phase  of  combustion  products  have  been 
determined  in  normal  and  low  gravity  environment  using  the  scanning  and  transmission  electron 
microscopy.  Peculiar  clusters  and  longitudinal  macro-aggregates  of  spherical  microparticles  have 
been  found  in  the  products  of  low-gravity  combustion  under  high-pressure.  Correlation  between 
geometrical  characteristics  of  these  aggregates  and  pressure  of  oxidizing  environment  has  been 
found. 

EXPERIMENTAL  SET-UP 

A laboratory-scale  installation  has  been  used  to  provide  a low  gravity  environment  for  a single 
droplet  combustion.  The  installation,  Fig.  1,  includes  a dropping  platform  (6)  equipped  for  optical 
and  thermal  registration  of  droplet  ignition  and  combustion.  The  dropping  platform  provides 
decreasing  of  gravity  level  to  0.01  g.  A high-pressure  combustion-  chamber  (7)  and  equipment 
for  high-speed  photo  and  cinema-filming  are  placed  on  the  dropping  platform.  The  chamber  keeps 
pressure  up  to  60  at.  The  ignition  of  particles  is  executed  using  the  ruby-laser  GOR-300  (the  wave 
length  is  0.69  micron,  the  laser-pulse  duration  is  6-7  ms).  The  dropping  platform  provides 
decreasing  of  gravity  level  to  0.01  g.  Maximum  duration  of  low  gravity  conditions  is  equal  to  0.65 
s that  is  enough  to  study  ignition  and  combustion  of  small  droplet. 

The  combustion  chamber  (7)  has  a set  of  micro-thermocouples  (W+5%Re)/(W+  20%  Re), 
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diameter  10-20  microns).  The  purpose  of  this  set  is  to  record  the  temperature  distribution  around 
the  burning  particle  during  its  slow  drift  through  the  set  in  low-gravity  conditions.  A special  unit  is 
used  in  some  experiments  to  fix  a metallic  droplet  on  micro-  thermocouple  during  ignition  and 
subsequent  combustion.  The  thickness  of  that  wolfram-rhenium  thermocouple  is  equal  to  10 
microns.  The  droplet  temperature  was  recorded  during  the  life-time  of  droplet. 

The  effect  of  gravity  level  on  the  condensed  products  formation  is  tested  by  catching  of 
burning  particle  on  metallic  plate  at  different  instants  of  combustion  process.  The  condensed 
products  morphology  is  investigated  using  scanning  and  transmission  electron  microscopy.  The 
Philips  microscopes  SEM  515,  and  EM-430ST  (operated  at  200  kV)  have  been  used  for  this 
purpose. 

The  ignition  and  subsequent  combustion  of  aluminum  particles  of  0.2  up  to  0.8  mm  have  been 
studied  in  oxygen  mixtures:  20%  oxygen  and  80%  argon  (or  helium,  nitrogen,  C02),  under 
pressures  from  1 at  up  to  60  at  in  normal  and  low-gravity  environment. 

RESULTS  AND  DISCUSSION 

Thermal  characteristics  of  droplet  ignition  and  combustion 

The  temperature-time  curves  of  droplet  indicate  that  temperature  in  the  ignition  instant  is  about 
2300  +/-100  K for  all  tested  conditions,  that  correlates  with  melting  temperature  of  A1203  (2320 
) coating  the  tested  particles.  The  droplet  temperature  during  combustion  in  20%O  2+  80%Ar 
environment  is  equal  to  2390 +/-50K.  It  is  less  than  boiling  temperature  of  aluminum  (2790  K) 
or  its  alloy  Al+Al2O3.(<3250  K).  The  droplet  temperature  during  the  combustion  in 
20%02+80%N2  environment  under  1 ata  is  equal  to  2240  +/-50K.  It  is  close  to  the  ignition 
temperature  of  aluminum  droplet:  2300  +/-100K,  but  less  than  aluminum  boiling  temperature. 

The  ignition  and  combustion  temperatures  of  particle  do  not  significantly  depend  on  the  gravity 
level.  Meanwhile,  in  low-gravity  environment  (in  contrast  to  the  normal  gravity)  the  temperature 
distribution  around  the  particle  is  characterized  by  wide  spatial  scale.  In  addition,  there  are 
observed  pulsations  of  the  thermal  radiation  of  particle  during  combustion  in  low  gravity 
environment.  It  is  more  expressed  if  gas  pressure  is  higher  than  a critical  one  (5  at  for  20% 
02+80%N2).  These  clearly  defined  pulsations  are  (most  probably)  associated  with  the  thermal 
hysteresis  [4]  of  heterogeneous  oxidation  of  aluminum. 

Microparticles  Aggregates  in  Combustion  Products 

Reduction  of  gravity  level  influences  most  significantly  the  morphology  of  condensed  phase  (c- 
phase)  of  combustion  products.  Figs.  2-4  illustrate  this  gravity  effect  on  products  of  droplet- 
combustion.  The  scanning  electron  microscopy  have  shown  that  c-phase  of  products  in  low- 
gravity  conditions  constitutes  aggregates  of  spherical  microparticles  (sizes  from  tens  nanometer  to 
3 microns),  Fig.  2.  These  microparticles  form  chains  (length  up  to  10  microns).  Fig.  2,  looking 
like  fine  fibers  at  low  magnification.  Aggregates  of  such  fibers  can  form  peculiar  space-structures 
around  a large  nuclear  particle  (about  3 microns).  This  structure  (size  up  to  5 microns)  can  look 
like  a dandelion  in  one  case  or  like  a cellular  frame  in  other  case.  Altogether  these  frames  form  a 
longitudinal  (a  snake-like)  macro  aggregate  (length  up  to  1-2  cm),  Fig.  3.  Such  a structure  is 
probably  due  to  a drift  of  the  burning  particle  thr  ough  its  own  cloud  of  combustion  products. 

The  indicated  space  structures  are  not  observed  in  normal-gravity  conditions.  In  such  a case 
the  sediment  of  products  of  droplet  combustion  is  uniformly  distributed  as  separate  particles  or 
small  aggregates  (consisting  from  several  particles)  size  from  0.1  up  to  1-2  microns,  see  Fig.  4.  In 
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these  aggregates  sizes  of  contact  surfaces  are  comparable  with  sizes  of  contacting  microparti  les. 
The  linear  aggregates  are  not  observed. 

The  snake-like  macroaggregates  are  observed  only  in  low  gravity  conditions  if  the  gas  pressure 
is  high  enough.  It  is  found  a correlation  of  geometrical  characteristics  of  microparticles,  chains, 
and  aggregates  with  pressure  of  oxidizing  gas.  The  mean  size  of  spherical  microparticles  at  60  at 
(0.6-0. 7 micron)  is  three  times  higher  than  that  one  at  20  at.  The  size  distribution  of 
microparticles  is  more  uniform  at  60  and  20  at  than  that  one  at  40  at. 

In  all  cases  the  investigated  structures  are  quite  stable  against  the  long  effect  of  electron  beam 
of  scanning  microscope,  which  results,  for  example,  to  heating  of  tested  sample.  The  chains  of 
microparticles  are  strongly  connected  among  themselves,  in  spite  of  the  fact  that  the  square  of 
particles'  contact  is  rather  small.  The  transmission  electron  microscopy  of  these  aggregates 
indicates  that  microparticles  can  have  different  nature:  crystalline  (Al  or  AI2O3)  and  amorphous 
spherical  particles  covered  by  thin  layer  of  AbC^-crystals. 

CONCLUSION 

Formation  of  chains,  clusters  and  macro-aggregates  of  microparticles  are  observed  in  products 
of  Al-droplet  combustion  in  low-gravity  environment.  This  phenomenon  is  significantly  expressed 
if  gas  pressure  is  high  enough  (20-60  atm).  The  content  and  pressure  of  oxidizing  environment 
influence  sizes  and  shape  of  macro-aggregate,  as  the  size-distribution  of  spherical  microparticles. 
These  microparticles  can  have  different  nature. 
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FIGURES 


Fig.  1.  Schematic  diagram  of  the  experimental  setup:  1 -alignment  laser;  2-ruby  laser;  3-radiation 
energy  meter;  4-electromagnetic  launching  device;  5-lock;  6-dropping  platform;  7-  combustion 
chamber;  8-reflector;  9-control  camera;  10-rail. 


Fig.  2.  The  chains  of  microparticles.  Fig.  4.  Products  of  droplet  combustion  in  normal 

P=60  atm.,  02+ Ar  gravity  environment 
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Fig.  3.  A snake-like  macro  aggregate  of  spherical  microparticles.  Low  gravity,  P=60  at.,  02+Ar. 
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Flame  Histories  in  Heptane  Droplet  Combustion 

Forman  A.  Williams1 , 1 Center  for  Energy  & Combustion  Research,  Applied  Mechanics  & 
Engineering  Sciences,  University  of  California,  San  Diego,  La  Jolla,  CA,  92093-041 1 

INTRODUCTION 

In  a joint  program,  among  in  particular  Prof.  F.L.  Dryer  of  Princeton  University  and  Dr.  V. 
Nayagam  of  the  National  Center  for  Microgravity  Research  on  Combustion  and  Fluid  Dynamics 
at  the  NASA  Lewis  Research  Center,  combustion  of  liquid  fuel  droplets  having  initial  diameters 
between  about  1 mm  and  5 mm  is  being  studied,  with  the  objective  of  improving  fundamental 
knowledge  of  droplet  combustion  through  microgravity  experiments  and  theoretical  analyses. 
This  research  has  involved  many  experiments  in  both  of  the  drop  towers  at  Lewis  and 
experiments  in  Spacelab  during  three  different  flights  of  the  Space  Shuttle.  The  Spacelab 
experiments  concerned  1)  fiber-supported  droplet  combustion  (FSDC),  a Glovebox  experiment 
performed  first  (FSDCl)  on  the  USML-2  mission  in  October,  1995  (STS-73)  [1]  and  next 
(FSDC-2)  on  the  second  flight  of  the  MSL-1  mission  in  July,  1997  (STS-94),  and  2)  the  droplet 
combustion  experiment  (DCE),  a two-rack  experiment  performed  on  the  MSL-1  mission  in  both 
the  April,  1997  flight  (STS-83)  [2 J and  STS-94.  The  DCE  studies,  thus  far  employing  only 
heptane  as  the  fuel,  addressed  mainly  the  combustion  of  free  droplets,  although  some  DCE  tests 
also  were  made  with  fiber  support  for  comparison  with  FSDC  results.  All  of  the  FSDC 
experiments  involved  combustion  in  normal  Spacelab  cabin  air,  while  in  the  DCE  tests  the 
combustion  occurred  mainly  in  oxygen-helium  atmospheres  at  pressures  of  1.00  atm,  0.50  atm 
and  (for  2 droplets)  0.25  atm,  although  4 DCE  data  points  from  STS-94  involved  combustion  in 
normal  Spacelab  cabin  air,  2 lor  free  droplets  and  2 for  fiber-supported  droplets;  flame-diameter 
results  lor  one  of  these  lree-droplet  tests  are  shown  below.  The  FSDC  experiments  covered  a 
number  of  different  fuels,  including  methanol,  methanol-water  mixtures,  ethanol,  ethanol-water 
mixtures,  methanol-dodecanol  mixtures,  n-heptane,  n-decane  and  heptane-hexadecane  mixtures;  in 
addition  to  studying  single  droplets  in  quiescent  atmospheres,  the  FSDC  work  investigated  single 
droplets  in  forced  convective  flow  and  droplet  pairs.  In  total,  in  Spacelab  there  have  now  been 
more  than  160  successful  FSDC  burns  and  44  successful  DCE  burns. 

The  principal  types  of  data  obtained  in  these  experiments  are  histories  of  droplet  and  flame 
diameters,  as  well  as  extinction  diameters,  as  functions  of  atmospheric  composition  and  pressure. 
In  addition,  information  was  acquired  on  soot-particle  behavior,  on  droplet  interactions,  on  flame 
elongation  through  convection,  on  droplet  and  flame  oscillation  phenomena,  on  staged 
combustion  and  on  ignition  and  extinction  characteristics.  The  main  focus  in  the  analysis  of  the 
results  thus  far  has  been  on  burning  rates  and  flame-diameter  histories,  including  identifying 
conditions  and  mechanisms  of  flame  extinction.  Efforts  to  explain  the  experimental  results 
include  computational  investigations  at  Princeton  and  theoretical  studies  at  UCSD.  The 
Princeton  contributions  are  described  by  F.L.  Dryer  in  a companion  communication  in  this 
volume.  The  present  communication  reports  recent  theoretical  studies  at  UCSD  focused  on 
predicting  flame  histories  and  extinction  conditions.  An  asymptotic  analysis,  treating  the  gas- 
hquid  density  ratio  and  the  stoichiometric  air-fuel  ratio  as  small  parameters  [3],  is  outlined,  and 
some  comparisons  with  experimental  results  are  made.  First,  and  identification  of  different 
regimes  of  droplet  combustion  will  be  introduced. 
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Regimes  of  Droplet  Combustion 

The  first  FSDC  results  showed  the  existence  of  two  different  regimes  of  droplet  combustion. 

It  has  long  been  known  from  experiments  with  initial  droplets  small  enough  to  be  studied  in  drop 
towers  that  the  ratio  of  flame  to  droplet  diameter  often  approaches  a constant  quasisteady  value, 
and  flame  extinction  occurs  (for  combustion  in  cool  atmospheres)  by  diffusive  heat  loss  after  the 
flame  diameter  becomes  sufficiently  small.  The  FSDC  experiments  for  methanol  droplet 
combustion  revealed  a different  flame-extinction  mode  for  sufficiently  large  initial  droplet 
diameters,  in  which  the  flame  diameter  increased  with  time,  and  the  flame  then  extinguished 
through  radiative  heat  loss.  It  is  thus  now  known  that  there  are  two  different  regimes  in  the 
combustion  of  droplets  in  atmospheres  of  temperatures  sufficiently  below  the  adiabatic  flame 
temperature,  the  regime  of  radiative  flame  extinction  and  the  regime  of  diffusive  flame  extinction. 
One  objective  of  theoretical  studies  now  is  to  determine  the  location  of  the  boundary  between 
these  two  regimes. 

The  DCE  measurements,  first  run  on  STS-83  , demonstrated  the  existence  of  these  same  two 
regimes  for  heptane  droplet  combustion.  The  first  observations  of  radiative  extinction  for 
heptane  droplets  were  made  on  this  April,  1997  flight.  The  DCE  results  enable  a rough  sketch  of 
the  boundary  between  radiative  and  diffusive  extinction  for  heptane  droplet  combustion  in 
oxygen-helium  atmospheres  to  be  drawn  in  a plane  of  oxygen  percentage  in  the  atmosphere  and 
initial  droplet  diameter,  for  both  1 .00  atm  and  0.50  atm  total  pressure.  Figure  1 is  a preliminary 
approximation  to  these  results;  further  analysis  of  the  data  may  refine  this  figure.  One  objective 
of  continuing  theoretical  analyses  is  to  explain  these  results,  predicting  the  location  of  the 
boundary  curve.  This  objective  has  not  yet  been  achieved;  there  are  preliminary  indications  that 
without  the  effect  of  energy  overdrive  by  the  igniter,  the  boundary  would  be  vertical, 
independent  of  initial  droplet  diameter,  and  the  larger  influence  of  the  ignition  energy  on  the 
smaller  droplets  enables  them  to  burn  longer,  into  a regime  of  diffusive  extinction.  This 
qualitative  suggestion,  however,  currently  is  unsubstantiated,  and  much  more  theoretical  study 
and  better  data  analysis  are  needed. 

The  DCE  results  apparently  established  an  additional  boundary  of  regimes,  also  shown  in 
figure  1.  For  sufficiently  small  droplets  burning  in  atmospheres  of  sufficiently  large  oxygen  mole 
fractions,  the  droplet  disappears  completely,  vaporizing  to  zero  diameter  prior  to  flame 
extinction,  while  the  flame  contracts  rapidly  but  extinguishes  at  an  apparently  measurable  small 
diameter,  slightly  after  droplet  disappearance.  The  lower  curves  in  figure  1 are  rough  estimates  of 
the  upper  experimental  boundary  of  this  regime  of  droplet  disappearance.  Theoretical  work  is 
needed  to  address  the  location  of  this  boundary  as  well  and  also  to  describe  the  flame  motion  and 
(diffusive)  extinction  following  complete  droplet  vaporization.  Work  is  in  progress  to  obtain 
flame  diameters  at  extinction  in  this  regime,  as  accurately  as  possible,  from  the  DCE  data,  for 
comparison  with  future  theoretical  predictions;  theories  for  this  final  stage  of  droplet 
combustion,  after  droplet  disappearance,  have  not  yet  been  worked  out.  It  may  again  be  felt  that 
this  boundary  may  be  vertical,  independent  of  initial  droplet  diameter,  in  the  absence  of  ignition- 
energy  overdrive,  and  possibly  heptane  kinetics  are  robust  enough  that  with  diffusive  extinction 
the  droplet  always  disappears  in  these  atmospheres,  that  is,  the  two  sets  of  boundaries  indicated 
in  figure  1 effectively  coincide.  Continuing  improvement  in  accuracies  of  both  data  reduction  and 
theoretical  prediction  are  needed  to  resolve  these  questions. 
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the  end  of  the  experimental  curve  in  figure  4,  also  was  addres^n  the  ,he“  (3 1 
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^ay  be  concluded  .ha.  many  outstanding  research  opportunities  reman,  tn  th.s  subject. 

^rmanTwhoTeserve  thanks  is  Malissa  Ackerman,  a UCSD  graduate  student  whose 
research  includes  this  data  reduction  and  interpretation. 
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Heptane  Droplet  in  Oxygen-Helium  Atmospheres 
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PARTICLES  IN  NORMAL  AND  MICROGRAVll 

Harsha  Chelliah,1  Fletcher  Miller, 1 David  Pantano,  1 and  Aslan  Kasimov^ 

•Mechanical  and  Aerospace  Engineering,  University mf  Virginia,  "^^^g2-903 
t National  Center  for  Microgravity  Research,  MS  110-3,  Cleveland,  OH  44135  3141 

OBJECTIVES:  Combustion  of  solid  fuel  particles  has  many  important  applications,  including 
power ^neratfon  and  space  propulsion  systems.  The  current  models 

combustion  process  of  these  particles,  especially  porous  solid  particles  include  various ^simpl, 
fvine  approximations.  One  of  the  most  limiting  approximations  is  the  lumping  of  the  physic 
properties  of  the  porous  fuel  with  the  heterogeneous  chemical  reaction  rate  constants  [1]. 

theoretical  model  development  effort  are  described  below. 

FXPERIMENTAL  APPROACH:  As  reported  in  the  last  Microgravity  Workshop  [2],  ex- 
perimental work  on  this  project  is  focused  on  particle  deployment,  ignition,  and  obtaining 
regression  rate  and  surface  temperature  data  for  200-2000  pm  graphite  P-t.cte  burmug  m 
normal  and  microgravity.  Four  types  of  porous  particles  were  used;  glassy  carbons 
porosities,  experimental  carbons,  and  spherocarbs. 

/,;i  particle  Deployment:  Considerable  effort  was  expended  on  trying  to  meet,  the  challenge  of 
keeping  the  particle  in  the  camera  field-of-view  (FOV)  during  oxidation.  Initially  it  was  hough 

hut  instead  the  vaporizing  glue  acted  like  a small  jet  and  propelled  them  out  oi  the  camera 
FOV  Due  to  these  problems,  and  others  associated  with  particle  ignition,  the  rop  expenmen  .s 
were  temporarily  suspended  and  lg  tests  were  undertaken.  After  try.ng  severe  concept  , ~ 
finallv  settled  on  merely  placing  the  particles  on  the  top  of  a small,  stainless  steel  tube  bOO  p 
OD  and  300  pm  ID  to  support  them  during  oxidation.  While  the  physical  presence  o \e  ui 
negativel ly  effects  the  heaUosses  and  the  formation  of  the  flame,  this  technique  allows  for  quick 

repetition  of  tests. 

(n)  Ianition • For  one  type  of  particle  tested,  the  spherocarbs,  a hot  wire  could  successfully  be 
1 In  ionite  the  particles  However,  the  spherocarbs  could  only  be  used  in  microgravity  since 
^ the  300  ,L  ID  support  tube  used  in  lg.  To  ignite  and  sustam 

combustion  of  other  particles  in  lg,  we  used  a 5W  C02  laser.  The  1~ 
f 900  i/m  and  the  beam  shape  was  measured  with  a beam  profiler,  it  was  approximate  } 

Gausln  Thelufbl  power  JL  also  measured.  It  was  found  that  the  laser  had  to  remam 
on  during  the  entire  period  of  combustion  or  the  oxidation  would  cease. 


‘Work  funded  under  NASA  Grant  NAG3-1928 
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ImJ  Regression  Rate  Measurements : Upon  imaging  the  combusting  particles  it  was  found  that 
they  were  self-luminous  to  a degree  that  they  could  be  seen  in  the  camera  directly,  rather  than 
requiring  a backlight  to  image  their  silhouettes.  A Cohn  monochrome  camera  wHh  an  Optem 

ZZZ Vh^in £*?  V VCR  T USed  reCOrd  the  »arti*  shape  during 

oxidation  The  initial  particle  shape  was  almost  spherical,  but  when  it  got  small  part  of  it  began 

to  sink  into  the  support  tube  and  changed  its  shape.  Since  the  particle  appeared  as  a bright 

bject  against  a dark  background,  image  processing  software  was  used  on  the  digitized  images 

to  calculate  the  part.cle  projected  area,  from  which  the  equivalent  diameter  was  determined 

(iv)  Surface  Temperature  Measurements:  The  particle  surface  temperature  during  oxidation 
was  obtained  by  recording  the  spectral  emission  from  the  particle  with  an  Ocean  Optics  S7000 
Spectrometer  in  the  range  from  767  to  937  nm  and  fitting  the  resulting  intensity  vs.  wavelength 
lata  to  a blackbody  curve  to  obtain  the  temperature.  Note  that  this  method  requires  only  that 
the  particle  enussivity  be  constant  over  the  spectral  region  measured,  but  not  necessarily  unity 
From  the  curve  fits,  ,t  appears  that  this  condition  is  fulfilled.  To  obtain  the  spectromefer  sen 
sitivity  function,  we  measured  a calibrated  blackbody  source  at  1000°C. 

(he  cm  ZTa,tT SU,U V A1'  0fAhe  reSUltS  prese"ted  here  are  for  "OTmal  Sravity  tests  using 
he  002  laser  as  the  ignition  and  heat  source.  Two  main  sets  of  tests  were  conducted.  In  one 

- P,°Wer  ,ronstant  and  the  particle  ™ varied;  in  the  other  a single  particte 

- P S7‘.  a"d  ,he  laser  pOWer  was  etanged.  The  particle  temperature  and  regression  rate 

weie  measured  in  both  cases.  Figure  1 shows  some  selected  data  for  the  normalized  equivalent 
'anie  er  square  vs  time  for  large  glassy  spheres  with  a porosity  of  37.2%  being  heated  and 
oxidized  at  various  laser  power  levels.  Except  at  the  lowest  power  level,  a linear  decZTin^ 
is  observed,  fiom  which  a constant  surface  regression  rate  could  be  calculated.  Figure  2 shows 

I FoMh  " °f  7 pa temperature  vs-  time  for  conditions  identical  tofhose  in  Fig 

01  lhe  same  las"  prer-  fferent  partide  temperatures  were  achieved  if  the  initial  particle 
izes  were  somewhat  different  within  the  same  particle  group.  Smaller  particles  get  hotter  sbt 

d«r(^r  Thus  7Tm,  t‘  , Samn  bU‘-  7 SUrfaCe  ““  f°r  C°nVeCtiVe  “<*  radia‘ive  losses 

have  indicated  a’  u A'  PftlC  “ °f  lhe  Same  *rouP  and  the  same  laser  power  level 

rom  t« Mo  t F ?aMe,Spread  ln  th»  °xiclati°”  rate  data  because  of  temperature  variations 
Iron,  test  o test  Figure  3 presents  a graph  for  three  types  of  graphite  particle  at  a single 

power  level.  For  the  two  types  of  glassy  spheres,  no  conclusive  difference  in  oxidation  rate  cin 
L r„H°"Tk  0'  ‘he  eXper,m,?ntal  carbo”  (Porosity  = 75%),  the  oxidation  rate  is  much 
initial  ‘'nK  “ tl’*‘  “ d“*  ‘°  inCreaMd  pOTOsi‘>-  « «■«  *»  smaller 

NUMERICAL  APPROACH:  Mitchell  et  al.  [3]  and  Chelliah  [4]  have  previously  reported 
numerical  mode  s that  can  predict  the  burning  rate  of  graphite  particles  subject  to  the  as- 
sumptions of  spherical  symmetry  and  quasi-steady  surface  regression.  Dryer  and  co-workers 

ten  In  alH  , I ,f  aPProxi™ati°n  a"d  investigated  the  effects  of  unsteady  combus- 
tion. In  a 1 these  studies  the  internal  and  external  heterogeneous  reactions  have  been  lumped 

as  a set  of  ad  hoc  sen,, -global  reactions  occurring  at  the  external  surface  of  the  particle  For 

rrf  COm  ,USt,10n  CP"dltl°ns'  a meU,°d  of  decoupling  the  physical  effects  associated  with 
the  pa.  tide  porosity  from  the  intrinsic  heterogeneous  chemistry  was  described  by  Kasimov  and 
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[7]  with  the  unsteady  combustion  model  described  here. 

(i)  Formulation : Under  the  assumption  of  spherical  symmet ry 

the  genera,  interface  condition  for  energy 

isgiven,>y  (_AaT/ar)_  = (-Mr/ar)+-E^  + -(T--Ti)’  (1) 

, K -nt  / \ identifies  conditions  within  the  solid  phase  and  (+)  in  the  gas  phase.  In 

where  the  subscript  (-)  id  fi  ^ the  temperature  within  the  particle  is  uniform, 

transie^effects  Todated  with  particle  heating  can 

" in 

particle  radius,  however,  no  singularities  arise  as  t e par  ic 

(it)  Numerical  Algorithm:  The  method  employed  to  inte^e^e t^^S^p^tely7romtte 
L a time-splitting  algorithm , in are  integrated 
chemical  reactions.  On  the  firs  la  o chemical  reactions  are  calculated  using 

performed  using  an  implicit  mass-operator  Crank  Nic  o son  sc 

(,ii)  Numerical  Predictions:  Unlike  the  previous  quasi i-steady  p^nomen'Z 

unsteady  code  allows  for  simulating  the  particle  heat  g g ^ diameter  particle  in  an 
Figure  4 shows  the  onset  of  the  etac  e r initial  gas-phase  composition  is  as- 

quiescent  environment  contrunrng  etde  developed  is  currently  being  extended  to 

the'experimenfaJ1  conditions  /escribed  above  with  external  heat  flux  with  the  C02  laser.  The 
major  uncertainty  here  is  the  heat  loss  to  the  support  tube. 

REFERENCES:  . nq7<o 

[9]  Sflixfnd  wLEyT; ^FoZhlnt  Microgravity  Combustion  Workshop , Cleveland, 

,31  SS  Kee.  R.J.,  Glarborg,  R.  and  Coltrin.  ^ 

1 1 national)  on  Combustion,  The  Combustior . Instrtute,  p.1169  (1991). 

[5]  ChonShY  HYetietR6an°d  Dryer,  F.L  J.  Comp.  (1995). 

l(71  iSdmOT,’  Aetand  States  Section Meeting  ij  the  Combustion  institute, 

Hartford,  CT,  November  1997. 
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Figure  3:  Measured  normalized  equivalent  di- 
ameter square  vs.  time,  for  different  graphite 
spheres  with  the  same  heat  flux  rates  from  a 
C02  laser. 


Figure  4:  Predicted  gas-phase  flame  structure 
after  5.0  msec,  for  a 900  pm  particle  in  moist 
air  at  1400  K. 
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COMBUSTION  OF  TWO^COMPON^T  MISCIBLE  DROPLETS 

IN  REDUCED  GRAVI1 Y QSf>16 

B.  D.  Shaw,  MAE  Department  University  of  Califomta,  Davts,  CA  95616 

INTRODUCTION  exDerimental  results  from  an  ongoing  research 

This  paper  presents  recent  theoretical  a P component  droplets  initially  in  the  mm 

program  that  deals  with  reduced-gravity  combustion  ^ study  the  effects  of  droplet 

size  range  or  larger.  The  primary  objecti  and  ies  volatility  differences  on  liquid 

internal  flows,  thermal  and  solutal  Marang  ’ $ hase  unsteadiness,  burrnng  rates, 

species  transport  and  overall  combustion t ph t a reduced-gravity  environment 

sooting,  radiation,  and  extinction).  ^ rese^ch  p g als0  facilitates  visuahzation 

so  that  buoyancy  effects  are  rendered  negligible,  use  or  laig  f 

of  droplet  internal  flows,  which  is  important to^  S ^ d experimental  and  theoretical  research 
This  program  is  a continuation  of  years.  The  focal  point  of 

on  bi-component  droplet  combustion  which ' ha  Droplet  Combustion  Experiment, 

this  research  program  is  a flig  t experi i ( lo  nt  However,  supporting  ground  studies 

BCDCE).  This  flight  experiment  is  still  un  P^  obtained  from  ^ght  experiments  (Fiber 

have  been  performed,  and  prelumnary  data  ha  fsdC-2).  These  flight  experiments 

Supported  Droplet  Combustion  Expe^ 

were  performed  during  the  S high-volatility  species  are  burned.  The  low- 

In  the  experiments,  droplets  composed  of  low^-  and^gh  ^ of  a droplet  proCeeds, 

volatility  components  are  initia  y P^se^  ^ component  will  increase  with  time,  resulting 

the  liquid  surface  mass  fraction  of  the  ^ ^ droplet  rapidly  heats  to 

in  a sudden  and  temporary  decrease  in  drot pi*  bu  g ^ decrease  in  burning 

temperatures  close  to  the  boiling  point  o J decrease  in  burning  rates  and 

rates  causes  a sudden  and  of  burning  rates  as  weU  as 

E s-r  rr.  “= W 

characteristics.  Dropie,  interna!  flows  wfli  be 
visualized  in  future  flight  and  ground-based  experiments. 

FSDC-2  FLIGHT  EXPERIMENT  RESULTS  ^ fiber-supported  liquid  droplets  in 

Experimental  results  for  the  combustion  c^a^le"st,CS  ^ ffi“  adoard  the  STS-94/MSL-1 
ambient  Shuttle  cabin  air  were  obtained  « of  Spacelab  air.  The 

mission  using  the  FSDC-2  apparatus.  experiments  [2]  that  were  performed  during 

FSDC-2  experiments  complement  previo  experiments  utilized  different  initial  droplet 

the  STS-73/USML-2  flight  in  1995.  The  to  measure  radiant  fluxes  from  the 

compositions  than  FSDC-1,  and  also  emP' ^ radiometer  (denoted  as  Radiometer  1)  was  used  to 
flame  zone  as  a function  of  burning  ime.  microns  The  other  radiometer  (denoted  as 

detect  radiant  fluxes  in  the  wavelength  range  "vdength  range  5.1  - 7.5  microns. 

Radiometer  2)  was  used  to ^det^ct  ra^t^  ^ pubUcation  [3]. 

SS  about  1 .8  mm  to  about  6 mm.  hi  both  the 


237 


TWO-COMPONENT  DROPLET  COMBUSTION: 


B.  D.  Shaw 


video  cameras  for  •*« 

support  fiber  was  typically  not  evjdentTn  tlTvidS  71  7 ‘°lrecord ' Eve"  «'°wing  of  the 

s^lt  s;  zr  r "r  :::: very  rf ^ s^xt, 

— ”■»  srasnsr;  is  £~ «?-.-»•*»—. 

radiometer  data  as  a function  of  hS  titi  for  a dmnTTv  *°Pfet  diameter  <d> «* 

diameter.  The  radiometer  data  in  Fig,  I show  increases  after  m ' ° >5  ™tlally  about  4 9 mm  in 
sharp  increases  after  droplet  ignition  Following  ,w  H th^.,gmter  was  turned  on,  with  very 
then  rapidly  decrease  ^ ^ ^ 

radtometer  outputs  appeared  to  coincide  with  decreases  in  radiabiT  TheSC  decreases  m 

particles  were  observed  to  stop  glowing  about  7 s TfW  rafdiatl°"  from  soot  particles,  i.e.,  soot 
until  about  48  s after  ignition.  Following  rhk  ^ ,gIutlon-  1,115  droplet  continued  to  bum 
values,  indicating  the  flame  extinguished.  ’ ™ IOmeter  outPuts  rapidly  decreased  to  smaU 

plateau  occurs  at  about  the  tireThauf  fW  comracflon  w 48  S after  ignitlon'  This 

contraction  induced  extinction,  as  evtdenced  by  the  Z7Z ZtoT C 7 ‘hat  ,he  fl™ 
prior  to  the  flame  contraction  is  about  041  mm2/s  This  i burmng-rate  constant 

theory  *e,ds  the  effective  litfuid-phase  species  difftisivity  D - .2  ,12^  W'th 

around  heptane/hexadecane  droplets  (whfcft  difn  LdT"''  0"  aVerage  ““  V°lume  fractions 
(Which  did  no,  exhibit  flame  commc^)  hepta"C  dr0PleIS 

constructed  as  part  of  earlier  studies  [l|  The  rxn.TZ  6 Usc  of  a *op  "S  that  was 

Research  Center  2.2  Sec  Drop  Tower  a tarn hT  “ ‘he  NASA  Lwis 

zones  of  heptane  and  heptaneftexadeca^e  droplets  burnl^'  “T  dlreCted  across  the  flame 
beam  intensities  provided  information  on  average  sooTTnl  *"  reduced  8ravity-  Measurements  of 
and  flames.  In  the  experiments  laser  beams  nasf  h 1 U?C  fractlons  (fave)  between  droplets 

show^in  F""lttm™wnZ  ““°I o'l^f  data  are 

shells  from  the  present  film  records,  as  well  as  data  from  R f m’"  V'S“a  observations  of  soot 
path  length  for  laser  attenuation  is  roughly  1/10  m 12^/^  H ' '!  “f  ‘ ‘hat  a"  effective 
path  lengths  of  this  magnitude  provides  esLates  for  iL/  ^ ,*“?  “*  dlame,er-  Using  effective 
range  ,0-50  ppm.  whifh  is  in  ^ aa  ^ - to 

EFFECTS  OF  SUPPORT  FIBERS  ON  DROPLET  SHAPES 

influenced5  b^supp^^fibers^aZ'Mt^^t^^^^ro^efr^Prevfous5  resetudhm^h^^^mta^yz^ 
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how  shapes  of  droplets  are  affected  by  support  fibers,  yielding  exact  results  that  are  difficult  to 
interpret  physically  [6].  Computational  analyses  of  effects  of  fibers  on  droplet  shapes  have  also 

been  presented  [7].  . T . 

This  present  work  provides  asymptotic  analyses  that  illustrate  major  features  of  interest.  It  is 

assumed  that  droplet  shapes  are  dominated  by  surface  tension  and  that  droplets  are  symmetric 
about  the  fiber.  Asymptotic  analyses  are  performed  assuming  that  support  fibers  are  thin  relative 
to  droplet  dimensions  normal  to  the  fibers,  which  corresponds  to  typical  droplet  combustion 
experiments.  The  following  asymptotic  solution,  which  is  uniformly  valid,  is  obtained  [8], 

w ~ ( 1 — z2),/2  + e Cos6  ln[2  (1  + (1  - z2),/2)  / (z  + (z2  - e2Cos26)1/2)]  (1) 

In.  Eq.  (1),  e is  the  ratio  of  the  fiber  radius  to  the  maximum  droplet  radius  normal  to  the  fiber,  and 
0 is  the  contact  angle  between  the  droplet  and  the  fiber.  The  variables  w and  z are  shown  in  Fig. 
3.  (w  and  z are  made  dimensionless  using  the  maximum  droplet  radius  normal  to  the  fiber),  where 
experimental  data  are  presented  on  the  normalized  shape  of  a fiber-supported  droplet  burning  in 
reduced  gravity.  Also  shown  are  plots  of  Eq.  (1)  and,  for  comparison,  the  outline  of  a circle. 
Figure  3 shows  that  Eq.  (1)  provides  a good  description  of  the  droplet  outline  and  that  droplets 
are  spherical  away  from  the  fiber,  with  deviations  from  a spherical  shape  near  the  fiber. 

FUTURE PLANS 

More  flight  experiments  are  planned  with  the  FSDC  apparatus.  These  experiments,  which  are 
termed  FSDC-3,  will  investigate  decane-hexadecane  droplets  and  will  also  make  use  ot  a 
thermocouple  rake.  Development  of  the  BCDCE  flight  experiment  will  continue. 

Future  ground-based  research  will  include  drop  tower  experiments  on  reduced-gravity 
combustion  of  bi-component  droplets  initially  about  0.8  - l mm  in  diameter.  Experiments  at  UC 
Davis  will  include  measuring  local  droplet  interior  compositions  using  absorption  spectroscopy. 
Theoretical  and  computational  studies  will  include  development  of  a 2-dim  computational  model 
of  fiber-supported  droplet  combustion,  as  well  as  development  of  theory  to  predict  effects  of 
solutalcapillary  stresses  on  droplet  interior  flows. 

ACKNOWLEDGEMENTS  J ^ 

The  financial  support  of  NASA  is  gratefully  acknowledged.  Drs.  V.  Nayagam  and  D.  Dietrich 
are  acknowledged  for  providing  project  supervision  and  technical  support.  Special  thanks  are 
extended  to  the  MSL-1  crewmembers,  in  particular  to  R.  Crouch  and  D.  Thomas,  who  conducted 
the  FSDC-2  experiments.  Thanks  are  expressed  to  the  many  individuals  at  the  Payload  Operation 
Control  Center,  Marshall  Spaceflight  Center.  Without  the  dedicated  efforts  of  the  Engineering 
Team  at  the  NASA  Lewis  Research  Center,  particularly  S.  Motil,  the  FSDC-2  experiments  would 
not  have  been  possible.  The  contributions  of  B.  Clark  and  J.  Rankin  to  data  reduction  and  analysis 
efforts  are  gratefully  acknowledged.  Drs.  M.  King  and  H.  Ross  provided  valuable  suggestions 
and  support  during  the  MSL-1  mission.  Thanks  are  expressed  to  the  FSDC-2  Science  Team  (Dr. 
R.  Colantonio,  Dr.  D.  L.  Dietrich,  Prof.  F.  L.  Dryer,  J.  B.  Haggard,  Jr.,  Dr.  V.  Nayagam,  and 
Prof.  F.  A.  Williams)  for  valuable  discussions. 

REFERENCES 

1 Aharon,  I.  and  Shaw,  B.  D.,  Combust.  Flame  113,  507  (1998). 

2.  Dietrich,  D.  L„  Haggard,  J.  B„  Jr.,  Dryer,  F.  L„  Nayagam,  V.,  Shaw,  B.  D.,  and  Williams, 
F.  A.,  26th  Symp.  (Int'l.)  on  Comb.,  p.  1201  (1996). 


239 


TWO-COMPONENT  DROPLET  COMBUSTION:  B.  D.  Shaw 


3.  Shaw,  B.  D.,  and  Clark,  B.  D.,  AIAA  J.  (submitted). 

4.  Chen,  A.  G.,  and  Shaw,  B.  D.,  Comb.  Sci.  Tech,  (accepted). 

5.  Choi,  M.  Y.  and  Lee,  K.-  O.,  26th  Symp.  (Int'l.)  on  Comb.,  p.  789  (1996). 

6.  Carroll,  B.  J.,  J.  Coll.  Int.  Sci.5 7,  488  (1976). 

7.  Struk,  P.  M.,  Ackerman,  M„  Nayagam,  V.,  and  Dietrich  D.  L„  Micro.  Sci.  Tech,  (accepted). 

8.  Shaw,  B.  D.  SIAM  J.  Appl.  Math,  (in  preparation). 


Figure  1.  FSDC-2  data  (Y  = 0.05). 


Time  From  Ignition  (s) 


Figure  2 Average  soot  volume  fractions  for 
heptane  (Y  = 0)  and 

heptane/hexadecane  (Y  = 0.6) 
droplets. 
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Introduction^^  ^ fossU  fuels  represents  a significant  portion  of  the  energy  consumption  in  the 

world  For  example,  in  1 997,  the  equivalent  of  1 ,800  million  tons  of  oil  was  consumed  in  the  Uni  ed 
States  This  staggering  number,  which  represents  25%  of  the  total  world  consumption,  illustrates  the 
nled  not  only  for  conservation,  but  for  promoting  efficiency  in  required  uses.  Another  consideration 
of  equal  importance  is  the  impact  of  combustion  on  the  environment.  Most  practica  energ> 
conversion  processes  involve  introduction  of  liquid  fuels  into  an  oxidizing  environment  in  the  form 
of  sprays  that  are  comprised  of  droplets  burning  in  isolation  or  in  groups.  Empirical  engineer!  g 
approaches  to  advancing  combustion  system  design  must  be  computationally 
Jake  significant  improvements  while  meeting  more  demanding  emissions  constraints  in  the  future^ 

HoweveSr  theoretical/computationaldevelopments  and  experimental  validation  of  spray  combustion 

remains  a daunting  task  due  to  the  complex  coupling  of  a turbulent,  two-phase  flow  with  phase 
change  and  chemical  reactions.  Individual  droplet  behavior  (including  ignition,  evaporation  and 
combustion)  has  long  been  recognized  as  an  important  compel  for  ^ 

understanding  of  the  more  complex  spray  combustion  processes  [Faeth,  1977  Williams  1981 , Law 
1982-  Law  and  Faeth,  1994],  Since  the  early  1950's,  the  burning  of  an  isolated  droplet  has  been 
theoretically  analyzed  in  a spherically-symmetric  configuration  involving  coupling  of  chemical 
reactions  and  two-phase  flow  with  phase  change.  Since  then,  the  simple  d-law  analysis  using  a 
infinite  reaction  rate  producing  a thin  flame  has  been  superceded  by  fully-transient  computational 
models  that  describe  the  evolution  of  50  chemical  species  using  nearly  300  reversible  reactions  in  the 
gas-phase  and  detailed  transport  coupling  in  the  liquid-phase.  This  level  of  descriptor ns  required 
since  new  generations  of  time-dependent  computational  tools  must  embody  compact,  but  realistic 
sub-models  that  accurately  represent  the  properties  and  coupling  of  fluid  dynamics,  diffusive 
processes,  heat  transfer,  and  combustion.  New  computational  tools  based  upon  direct  numeric 
simulation  and  other  methods  hold  promise  for  modeling  multidimensional  reacting  systems. 
Computational  resource  limitations  and  a desire  to  perform  parametric  calculations  require  that  these 
tools  utilize  reduced  representations  of  parameters  including  degree  of  asymmetry  and  the  scope  of 
the  description  of  chemical  kinetics  and  other  sub-model  components.  Unidimensional, 
time-dependent,  laminar,  non-premixed  combustion  problems  are  critical  to  developing  testing, 
validating  and  systematically  reducing  sub-models  to  produce  descriptions  that  can  be  used  in  more 

applied  computations. 

Objectiv  es  of .Study  of  ^ effort  are  t0  elucidate  the  unresolved  issues  related  to  sooting 
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and  accompanying  radiation  effects  in  the  simple,  spherically-symmetric  configuration  of  isolated 
droplet  burning  in  microgravity.  Spherically-symmetric  droplet  combustion  is  an  ideal  uni- 
dimensional  configuration  for  advancing  understanding  of  diffusion  flames  in  general  and ’those 
invoving  S00t  m.  partlcu'ar’  esPeCialIy  for  hydrocarbon  fuels  that  are  typical  of  those  used  in  internal 
combustion  engines  and  gas  turbines.  Based  on  recent  observations  in  microgravity  experiments 
performed  in  support  of  the  current  effort,  it  appears  that  the  formation  and  lingering  presence  of  soot 

extinction  The^  T™**  ““  m0dify  ^ bUmin§  rate’  flame  structure  and 

combing  fU  f y ?,  mmg  characteristics  of  *arger  liquid  droplets  in  microgravity, 

combmed  with  spherically-symmetric  numerical  modeling  provide  opportunities  to  advance  our 

understanding  of  the  fundamentals  of  transient  diffusion  flames,  as  well  as  to  test  and  validate  the 
chemical  kinetic,  transport,  sooting  and  radiation  sub-models  for  a realistic  system.  Refinements  of 

ese  models  through  compansonagainst  weU-characterizedexperimentscan  yieJd  new  and  important 

understanding  as  well  as  sub-models  which  can  be  further  simplified  for  implementation  in  more 
complex  geometries.  The  specific  objectives  of  our  work  include: 

Determine  the  influence  of  sooting  and  radiation  on  the  droplet  burning  rate.  Investigate  the 
influence  of  initial  droplet  diameter  on  sooting  behavior  in  droplet  combustion  configuration 
tor  a wide  range  of  conditions; 

- Define  the  influence  of  sooting  and  radiation  on  flame  dynamics  and  structure; 

Further  elucidate  through  both  experiments  and  modeling  the  mechanisms  through  which 
sooting  affects  the  extinction  of  droplet  flames; 

- Develop  and  validate  numerical  models  (inclusive  of  sooting  and  radiation  effects)  using 
accurate  and  reliable  experimental  measurements.  The  numerical  model  will  serve  not  only 
as  a useful  predict!  ve  and  analytical  tool,  but  as  a skeletal  model  against  which  simplifications 
of  various  sub-models  can  be  evaluated; 

burni^behavior^15  °f ' parameter  adjustments  (pressure,  oxygen,  inert,  etc.)  on  sooting  and 

- Study  the  influence  of  flame  residence  time  on  the  morphology  of  soot. 

infl,ienMl?8rarlty  Cj°mbusti°n  is  an  ideal  platform  for  advancing  our  understanding  of  the 

influence  of  sooting  and  radiation  on  combustion  behavior.  Isolated  droplet  combustion  in 

m^ogra^y  provides  the  flexibility  to  vary  the  residence  time  over  a wide  range  (residence  time  is 
an  important  and  desirable  parameter  adj  ustment  for  studying  soot  processes)  by  Changing  the  droplet 
size  and/or  environmental  parameters  (pressure,  inert,  oxygen  index).  Chemical  composition 
temperature,  convection,  soot  particle  drag,  diffusion  and  thermophoresis  are  all  radially  oriented’ 
Because  of  the  geometric  simplicity,  particle  temperature  and  spatial  history  are  well  defined  and 

robust  models  of  each  of  the  processes  can  be  developed  in  great  detail  without  overwhelming 
computational  resources.  K 

The  effort  that  is  just  beginning  will  be  comprised  of  three  equally-important  components- 
ground-based  experiments  (for  1 to  2 mm  droplets);  flight  experiments  (for  2 to  5 mm  dropfets)  and 

™ meNASA1 oTn“  K "oat,°f  Replan  to  continueearliersuccessfuIground-basedexjKriments 

. .u  T„  A T2  Sec  and  5 2 sec  lacillllcs  and  pursue  collaborative  work  with  Professor  T Hirano 
at  the  10  sec,  JAMIC  dropshaft.  The  ground-based  studies  can  be  used  to  provide  important  data 
for  smaller  droplets  ,2.0  mm  in  diameter  or  less).  Larger  initial  droplet  size  studies  improve  the 
spatial  resolution  of  measurement  techniques.  Experiments  using  large  droplets  are  also  required  to 
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explain  unexpected  behaviors  observed  in  recent  isolated  droplet  studies  conducted  during  the  MS  L- 1 
mission  aboard  the  Shuttle  (STS-83,  STS-94).  Contrary  to  more  generally  offered  hypotheses, 
experiments  using  n-heptane  droplets  burning  in  air  showed  that  sooting  does  not  monotonically 
increase  with  initial  droplet  size,  but  eventually  is  reduced  for  larger  droplets  [Dryer  et  al„  1998], 
The  principal  reason  for  the  reduced  sooting  appears  to  be  increasing  radiative  heat  loss  from  the 
diffusion  flame  with  increased  initial  droplet  size,  eventually  leading  to  flame  temperatures  too  low 
to  induce  sooting.  These  experiments  identify  the  important  potential  for  using  large  droplet 
experiments  to  determine  secondary  sooting  threshold  conditions.  Extending  microgravity 
combustion  times  (up  to  50  seconds)  beyond  the  capabilities  of  ground-based  facilities  is  required  to 
fully  investigate  the  influence  of  sooting/radiation  on  droplet  combustion,  including  extinction. 

Experimental  Approach 

The  proposed  experiments  will  consider  two  fuels:  n-heptane,  and  ethanol.  N-heptane  has 
received  considerable  attention  in  ground-based  experiments  and  was  recently  flown  on  STS-83  and 
94  as  a fuel  for  both  DCE  and  FSDC-2  (Fiber  Supported  Droplet  Combustion)  experiments.  N- 
heptane  is  the  simplest  of  liquid  alkanes  with  properties  similar  to  those  found  for  conventional  liquid 
fuels  such  as  gasoline  and  distillates.  Ethanol  has  been  initially  studied  in  both  droptowers  and  in 
FSDC-2  experiments.  Although  the  sooting  tendency  for  n-heptane  is  greater  than  that  for  ethanol, 
both  fuels  are  considered  to  be  mildly  sooting.  Furthermore,  the  magnitude  of  sooting  can  be 
controlled  over  a wide  range  by  varying  inert,  droplet  size,  oxygen  concentration  and  pressure. 

Soot  volume  fraction  will  be  measured  using  full-field  light  extinction  at  635  nm.  In  this 
method,  line  of  sight  extinction  measurements  are  deconvoluted  using  tomographic  inversion  [Dasch, 
1992],  Soot  temperature  will  be  measured  using  line  of  sight  flame  emission  data  at  two  separate 
wavelengths  (700  nm  and  900  nm)  with  subsequent  tomographic  inversion.  The  ratio  of  the  spectral 
emission  intensity  at  each  radial  position  will  then  be  used  for  the  application  of  two-wavelength 
pyrometry.  This  technique  is  similar  to  that  used  successfully  in  Laminar  Soot  Processes  (LSP) 
space-shuttle  experiments.  As  in  the  LSP  experiments,  it  is  expected  that  due  to  the  small  soot 
particle  sizes,  the  difference  between  the  gas-temperature  and  the  soot  temperature  will  be  small  as 
reported  by  Koylu  and  Faeth  [ 1 993].  Radiation  from  the  flame  will  be  measured  using  a broadband 
radiometer  (detection  spectrum  ranging  from  1 to  50  microns).  Soot  aggregates  will  be  sampled 
using  a thermophoretic  technique  and  analyzed  using  transmission  electron  microscopy. 

Ultraviolet  emission  due  to  hydroxyl  radical  chemiluminescence  (and  the  interference  from 
soot  emission)  occurring  within  the  flame  is  to  be  imaged  using  a Xybion  intensified  array  CCD 
camera  with  a narrowband  filter  with  central  wavelength  of  3 1 0 nm  and  a F WHM  of  1 0 nm.  This 
approach  yields  the  instantaneous  location  of  maximum  OH*  emission  which,  in  conjunction  with 
detailed  numerical  modeling  will  be  used  to  define  the  transient  flame  structure. 

Modeling  Approach 

At  present,  fully-transient  droplet  combustion  models  that  incorporate  detailed  gas-phase 
chemical  kinetics  and  sooting/radiation  mechanisms  are  lacking.  However,  2-D  axi-symmetric 
[Kaplan et  al.,  1 994]  and  spherically-symmetric [Ezekoye  and  Zhang,  1 997]  gaseous  diffusion  flames 
produced  in  microgravity  have  been  modeled  using  semi-empirical  soot  mechanisms  including 
inception,  growth,  agglomeration  and  oxidation.  In  these  formulations,  the  source  terms  for  the  soot 
number  density  and  soot  mass  fractions  are  dependent  on  the  C2H2  concentration.  The  prediction  of 
Ezekoye  and  Zhang  [1997]  for  bulk  properties  (such  as  soot  mass  and  mass  averaged  soot 
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temperature)  provided  favorable  agreement  with  measurements  performed  in  microgravity  using  an 
acetylene  diffusion  flame  supported  on  a large  porous  sphere.  Similar  sub-models  to  describe  the 
formation,  oxidation,  and  radiation  of  soot  will  be  incorporated  into  the  Princeton  Droplet 
Combustion  Model  [Marchese  and  Dryer,  1997;  1999],  Thisfully-transientmodelconsidersdetailed, 
multi-component  molecular  transport  and  a complex  chemical  kinetic  mechanism  to  solve  the  gas 
phase  energy  (including  gas-phase  radiative  transport)  and  species  equations.  In  addition,  the 
conservation  of  energy  and  species  are  solved  within  the  droplet  interior.  The  gas  phase  chemical 
kinetics  for  n-heptane  experiments  will  be  developed  as  an  extension  of  the  semi-empirical  mechanism 
of  Held  et  al.  [1997]  used  in  prior  studies.  A comprehensive  mechanism  for  ethanol  experiments  will 
be  based  on  modifications  of  the  works  of  Norton  and  Dryer  [1992]  and  Marinov  [1999], 

Progress  Since  Award 

— The  2.2  sec  experimental  rig  was  completely  overhauled  for  operation  in  the  JAMIC  1 0 sec. 
microgravity  facility. 

- Eleven  experiments  were  performed  in  February  1999atthe  JAMIC  facility  to  study  the  initial 
sooting  behavior  of  large  droplets.  Preliminary  results  suggest  that  sooting  does  not 
monotonically  increase  with  droplet  size  (as  suggested  by  current  understanding  based  on 
small  droplet  diameter  experiments).  Additional  experiments  are  planned  for  the  summer  of 
1999. 
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Introduction 

In  this  presentation  we  review  experiments  carried  out  on  nonane  droplets,  and  a nonane/hexanol  droplet,  burning  in 
microgravity  to  promote  spherical  symmetry.  The  nonane/hexanol  combination  was  selected  for  the  following  reasons:  1)  the 
spherically  symmetric  burning  history  of  nonane  and  nonane/hexanol  mixtures  has  not  been  previously  studied;  2) 
measurements  of  the  burning  history  of  pure  nonane  droplets  in  air  extend  the  existing  data  base  of  spherical  droplet  flames  of 
soot-producing  fuels  which  are  useful  for  testing  detailed  chemical  kinetic  models  of  the  spherically  symmetric  droplet 
burning  process;  3)  nonane  and  hexanol  have  almost  identical  boiling  points  so  heterogeneous  nucleation  on  a support  fiber  is 
unlikely;  4)  hexanol  does  not  have  a strong  propensity  for  water  vapor  absorption;  5)  hexanol  produces  less  soot  than  nonane 
so  that  mixtures  of  nonane  and  hexanol  should  show  an  effect  of  composition  on  soot  formation.  The  far-field  gas  was 
atmospheric  pressure  air  at  room  temperature.  The  evolution  of  droplet  diameter  was  measured  using  high  speed  cine 
photography  of  spark-ignited  droplets  within  a confined  volume  in  a drop  tower. 

The  importance  of  soot  formation  during  droplet  combustion  is  derived  from  the  fact  that  soot  is  the  basic 
component  of  the  particulate  emission  process  that  occurs  in  spray  combustion.  The  complexity  of  soot  formation  motivates 
a one-dimensional  transport  condition  which  is  advantageous  for  modeling.  Recent  numerical  studies  of  droplet  combustion 
have  assumed  spherical  symmetry  when  incorporating  such  aspects  as  detailed  chemistry  and  radiation  (e.g.,  Cho  et  al.  1992; 
Jackson  and  Avedisian  1996;  Marchese  and  Dryer  1996),  though  soot  formation  itself  has  not  yet  been  included  in  any  droplet 
combustion  modeling  effort.  If  radiation  is  not  important  as  would  be  the  case  for  'small'  droplets  (i.e.,  droplets  with  initial 
diameters  less  than  about  1mm),  soot  formation  can  lead  to  a nonlinear  burning  process  and  a time-varying  burning  rate, 
(non-linear  burning  of  a non-sooting  fuel  like  methanol  is  due  to  water  vapor  absorption  on  the  droplet  (Marchese  and  Dryer 
1996)).  The  classical  quasi-steady  droplet  burning  theory  predicts  a linear  evolution  of  droplet  diameter  in  scaled  coordinates 
for  any  fuel  type  (Glassman  1987). 

Experiment 

Both  free-floating  and  fiber  supported  droplets  were  studied.  Unsupported  droplets  in  microgravity  were  studied  using 
a variation  of  a method  reported  in  previously  (Avedisian  et  al.  1988;  Jackson  et  al.  1992;  Jackson  and  Avedisian  1994,  1998; 
Callahan  and  Avedisian  1999).  A fuel  droplet  is  projected  into  a vertical  trajectory  in  a chamber  attached  to  a support 
package.  At  the  apex  of  the  droplet’s  trajectory,  the  package  which  houses  the  combustion  chamber  and  surrounding 
instrumentation  is  released  into  free-fall.  A short  time  later,  the  droplet  is  ignited  by  two  sparks  positioned  on  opposite  sides 
of  the  droplet.  The  electrodes  are  then  quickly  retracted.  New  and  more  powerful  electrode  retraction  solenoids  were  fabricated 
with  non-brushing  contact  to  improve  the  reliability  of  retraction  and  re-positioning  of  the  electrodes.  The  burning  process 
was  recorded  by  a high  speed  cine  camera.  The  difficulty  of  keeping  a free-floating  (unsupported)  droplet  stationary  makes  it 
difficult  to  use  laser-based  diagnostics  for  quantifying  soot.  However,  photographic  images  are  still  quite  useful  for 
qualitatively  assessing  sooting  tendencies.  A drag  shield  around  the  support  package  provided  a gravity  level  of  about  10*^ 
that  of  the  Earth’s  normal  gravity. 

Fiber  supported  experiments  were  carried  out  for  nonane/hexanol  droplets  due  to  the  difficulty  of  producing  a steady 
droplet  stream  for  hexanol  concentrations  above  10%.  Small  silica  fibers  12pm  diameter  were  used  to  reduce  the  effect  of  the 
fiber  on  the  burning  process,  which  for  a sooting  fuel  includes  the  effect  of  the  fiber  on  the  soot  shell  dynamics  (Avedisian 
and  Jackson  1999).  Two  fibers  were  mounted  in  a crossing  pattern  in  the  free-droplet  apparatus.  The  fibers  were  placed  at  the 
apex  of  the  trajectory  produced  by  the  droplet  generator.  Fuel  was  deposited  on  the  fibers  by  impinging  droplets  produced  by 
the  generator  on  the  crossed  fibers.  In  this  way,  reliable  droplet  deposition  on  these  small  fibers  was  achieved. 

The  high  speed  movie  camera  was  operated  at  200  frames/sec.  The  film  images  were  digitized  on  a Microtek  slide 
scanner  at  3900  dpi,  then  imported  into  an  image  analysis  software  package.  The  software  finds  the  edge  of  the  droplet  by 
means  of  categorizing  the  pixels  according  to  a threshold  brightness.  The  lighting  and  magnification  are  the  same  for  all 
results  presented  in  this  study.  The  resolution  in  the  droplet  diameter  measurement  was  estimated  to  be  25pm.  The 
backlighting  was  adjusted  to  show  the  translucent  droplet  and  granular  soot  shell  as  a shadow  at  the  expense  of  observing  the 
outer  luminous  zone  of  the  flame.  A video  camera  was  mounted  perpendicularly  to  the  movie  camera  to  record  the  droplet 
position  along  the  view  axis  of  the  movie  camera.  A 40W  halogen  light  mounted  outside  the  package  back-lit  the  droplet  in 
the  initial  stages  of  free  fall  while  the  video  camera  automatic  intensity  gain  control  remained  off.  In  this  fashion,  the 
lighting  illuminated  the  droplet  before  ignition,  and  the  camera  could  view  the  droplet  and  the  flame  after  ignition  using  the 
visible  flame  radiation. 
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Results 

Nonane 

Figure  1 shows  photographs  of  a free  nonane  droplet  and  figure  2 shows  a fiber  supported  nonane/hexanol  droplet. 
The  stretched  support  fibers  are  visible  as  the  blurred  lines  on  either  side  of  the  droplet  in  figure  2.  The  time  after  ignition  is 
shown  beneath  each  photo.  The  luminous  region  of  the  flame  is  barely  visible  in  figure  2a  while  the  photos  for  the  nonane 
droplets  were  enlarged  to  show  only  the  soot  shelf  and  the  flame  is  not  visible  in  fig.  1.  The  soot  shell  is  the  black  ’ring’ 
structure  surrounding  the  droplet  for  both  the  nonane  droplet  (fig.  1)  and  the  nonane/hexanol  mixture  (fig.  2).  The  droplet 
and  soot  shell  are  spherical  and  reasonably  concentric.  The  fiber  supported  droplet  is  spherical  throughout  nearly  the  entire 
burning  history  showing  a minimal  fiber  affect  on  droplet  shape.  The  fiber  glows  where  it  is  contacted  by  the  flame.  Some 
evidence  of  soot  accumulation  on  the  fiber  is  shown  in  fig.  2c  by  the  large  aggregate  attached  to  the  fiber  in  the  first  quadrant. 
The  pure  nonane  soot  shell  shows  reasonable  sphericity  except  for  a 'tail'  that  is  created  by  a very  small  convection 
component.  This  tail  has  been  observed  for  other  fuel  types  as  reviewed  in  Avedisian  (1997).  No  'tail'  exists  fo  the  fiber 
supported  nonane/hexanol  droplet. 

The  evolution  of  nonane  droplet  diameter  is  shown  in  fig.  3 for  three  data  sets  in  scaled  coordinates  of  the  classical 
’d2'  law  (Glassman  1987).  Several  points  to  note  about  fig.  3 are  the  following:  1)  the  burning  histories  of  the  three  separate 
runs  are  close  to  each  other,  are  very  repeatable,  and  show  the  same  trends;  2)  the  droplet  diameter  decreases  almost  from 
ignition  and  shows  no  effect  of  droplet  heating;  3)  the  variation  of  droplet  diameter  with  time  is  not  linear;  and  4)  the  droplets 
burned  to  completion.  The  solid  line  in  fig.  3 is  included  to  better  show  the  non-linear  nature  of  the  burning  process. 
Figure  4 shows  the  evolution  of  burning  rate  for  the  data  in  figure  3.  Two  curve-fits  were  tried  (parabolic  and  cubic)  but  the 
linear  variation  is  probably  more  reasonable  for  the  data  in  figure  3.  The  continual  increase  in  burning  rate  evidences 
increased  heat  transfer  to  the  droplet.  We  here  suggest  that  this  effect  is  due  to  the  influence  of  soot  formation. 

As  burning  proceeds  the  droplet  produces  less  soot  per  mass  of  fuel  evaporated  due  to  the  effect  of  droplet  size  on 
soot  formation  (Jackson  and  Avedisian  1994,  1996  ; Jackson  et  al.  1992;  Lee  et  al.  1998),  as  well  as  the  effect  of  droplet  size 
on  radiative  losses  from  the  flame  (Easton  et  al.  1999).  The  droplet  burns  faster  as  time  prrogresses  because  less  soot  is 
produced  relative  to  the  instantaneous  droplet  diameter.  By  this  argument,  if  no  soot  at  all  is  produced  the  burning  process 
should  be  linear.  (There  are,  of  course,  other  reasons  that  could  lead  to  a nonlinear  burning  process:  the  aforementioned 
question  of  water  absorption  which  does  not  occur  of  the  fuel  types  studied  here;  property  variations  with  temperature;  and 
droplet  heating.  If  droplet  heating  occurs,  curvature  in  the  evolution  of  diameter  could  extend  well  into  the  burning  process. 
Because  of  the  small  droplet  diameters  studied  here,  we  do  not  expect  droplet  heating  to  be  significant.  Indeed,  0.45mm 
heptane  droplets  studied  previously  show  no  evidence  of  the  droplet  heating  effect  (Jackson  et  al.  1992;  Jackson  and  Avedisian 
1994).)  Re-examination  of  published  unsupported  heptane  diameter  data  obtained  in  microgravity  (Jackson  et  al.  1992; 
Jackson  and  Avedisian  1994)  do  show  a linear  burning  process  for  small  heptane  droplets  for  which  no  prominent  soot  shells 
were  seen.  Larger  heptane  droplets  with  visible  soot  shells  showed  a time  varying  burning  rate.  For  these  latter  data,  a single 
burning  rate  value  was  taken  over  the  region  where  the  evolution  of  droplet  diameter  in  scaled  coordinates  is  most  linear. 

Mixtures  of  Nonane  (0.9)  and  Hexanol  (0. 1) 

Fig.  5 shows  the  evolution  of  droplet  diameter  of  a 10%  hexanol  mixture  with  an  initial  diameter  of  0.65mm. 
Three  points  to  note  are  that  1 ) there  is  no  strong  evidence  for  droplet  heating;  2)  two  stages  of  burning  occur;  and  2)  there  is 
no  plateau  between  the  stages.  The  latter  two  effects  are  due  to  the  differing  heats  of  vaporization  between  hexanol  and  nonane 
coupled  with  their  almost  identical  boiling  points.  The  solid  lines  in  figure  5 are  meant  to  enhance  the  visibility  of  the 
staged  burning  process.  The  heat  of  vaporization  of  nonane  is  25%  less  than  hexanol  (Lide  1993)  so  that  the  first  stage  is 
dominated  by  nonane  combustion.  At  the  junction  of  the  two  stages,  there  is  no  period  of  constant  diameter  or  plateau 
because  the  droplet  temperature  remains  essentially  the  same  as  burning  changes  from  nonane  to  hexanol  domination  due  to 
the  almost  identical  boiling  points  of  these  two  fuels. 

Conclusions 

The  data  presented  here  for  nonane  and  a nonane-hexanol  mixture  show  a nonlinear  droplet  burning  process.  This 
effect  is  due  to  changes  in  soot  formation  as  burning  progresses.  The  decrease  of  droplet  diameter  during  burning  results  in  a 
greater  fraction  of  the  evaporated  fuel  being  converted  into  energy  by  oxidation  at  the  flame  which  enhances  heat  transfer  to 
the  droplet  and  the  burning  rate.  For  the  nonane/hexanol  mixture,  a staged  burning  process  without  a plateau  is  observed.  In 
each  stage  the  burning  rate  is  nonlinear.  A definitive  explanation  for  a non-linear  burning  process  for  sooting  fuels  will 
emerge  when  numerical  analyses  are  developed  that  include  all  of  the  effects  that  soot  can  have  on  the  droplet  burning  process. 

Acknowledgments 

The  authors  are  pleased  to  acknowledge  the  support  provided  by  NASA  grant  NAG  3-1791  (Dr.  Merril  King, 
Program  Director,  and  Dr.  Daniel  Dietrich,  Project  Monitor).  The  authors  would  also  like  to  acknowledge  the  advice  and 
assistance  of  Prof.  Francis  Mcleod  and  Ms.  Nadia  Bishai,  and  Dr.  Dietrich  for  providing  the  silica  fibers. 


246 


References 

s:?»;“fcona„Gd  H^»8g7“'T  7 pr/- ,o  >*  ■***■* 

Avedisian  C T iQo-78’  dT  • , ,g’  C H 1988  Proc-  p Soc.  Loud.  A 420,  [83-200. 

Gordon  and  Breac^Pubt  ChenUCal  AspeCtS  of  Co^ustion.  Chapter  6,  pp.  1 35- 1 60, 

Chll^v  Bv  and  Avedisian’  C T-  1999  AIAA  Paper  no.  99-1077 
Easton  j’  tSITf  h“i?  °Tr  FL'  ‘"2  J'  ComP-  Ph>s-  102-  '60. 

Jackson  r s Avedis'anTC  T-  1996  Comb.  Sci.  Tech.  115,  127-147. 

Jackson  W' a ^e.ISI^.n’C'T^and  Yan§’ JC-  1992  J-  Heat  Mass.  Trans  35(8)  2017  2033  Cl  992} 
f™’  G‘S;and  Avedts.an,  C.T.,  1994  Proc.  R.  Soc.  Land.  A 446,  255-276.’  (I"2)' 

r p \a  VC  n130’  ^ ^ *998  int-  J-  Heat  Mass  Transf  41(16)  2503-2515 

\2  d r S ,L  hand  C“’  M V 1998  «•*  *i-  in  press 

e,  U.K.  1"3  Basic  Laboratory  and  Industrial  Chemicals  " nn  160  229  fRr  Pr,tc  n D 
Marchese,  A.J.  and  Dryer,  F.L.  1996  Comb.  Flame.  105  104  0996)  ’ ^ Rat°n' 


tap 


a)  220ms 


b)  325ms 

Figure  1;d=0.47mm  in  a) 


c)  490ms 


“-a 


a)  200ms 


b)  370ms 

Figure  2;  d=0.59mm  in  a) 


5S5  J r 4? CV - jV > jiM 

"flHMtott&L 


, - J 

* ' y v*  > 7 . — ■ 


c)  720ms 


ACWSSSrT  COMBUSTION  IN 

M.  Tanabe^K  Aoki2  \c  c * 1 ^ 

’ K’ Sato3  and  T.  Fujimori 

e-mai  J:  1 tanabe@aero.cst.nihon-u.ac.jp 

Abstract 

Combustion  of  an  isolated  f I ri 

™ by  microgravily 
hemispheric  and  conica^T^'0"  °f  F,ames  and  soot  and  burnin^lm  pressure  ,evel  and 

K=5£“ 

<°  expla,„  by  the  enhancement ^abk 
INTRODUCTION  nauced  by  the  sound. 

A strong  acoustic  vibration  or.  - . 

requires  better  understanding  of  the'influe  *nstablbty  ln  combustion1 3 Stable  h . 
the  simplest  models  nf  o b influence  of  acoustic  field  on  c u • ^table  combustion 

‘ransferfom gaslo 1^™’  ZZ^T'  ^ ‘ ° °"e  »f 

investigations  have  been  dn  P ase>  ' vaP°nzation  and  diffusion  control ,P  °Cesses  such  as  heat 
presence  of  sound  Enhan  °"  lhe  comb“stion  characteristics  of  combust'on-  Many 
reason  is  de,e™i„edtl  ,b  " bUmin8  is  dr°Plets  "**  «* 

by  sound  wavrThesfpat  hea‘'  “<  ™*  field  »d 

natural  convection  Thi  r i j^s  are  done  on  ground  and  the  hi.  ■ e c°nvection  induced 

experiments,  on  he  Con,m  dJ°  """*  ,he  influence ^ of  17 !**  **  ***»> d “> 

the  influence  of  acoustic  ^elt^k  a^e^r  TOy0than^ver0^tOWer  wOtyoo1 d^tCTmhle 

The  m^|oyed1.tperi™Pt  t*®  PROCEDURE 

zl.\ 


249 


INFLUENCE  OF  ACOUSTIC  F1ELDON  DOPLET  COMBUSTION:  M.  Tanabe  el  a' 

between  the  data response  time  of  of  the  role  0f 

convection  due  to  sound  can  be  done 
:n  a quasi-steady  manner. 
Instantaneous  Nusselt  number  is 
calculated  from  velocity  due  to  soun^, 

that  is  measured  by  the  ho 

t r Averaging  this  over  a 

cyck°mbme’  the  average  transfer 

coefficients  » 

CoVaxTson  between  experiments  and 
this  evaluation  is  shown  in  Fig. 
Agreement  is  good  and  the  princ.p 
cause  for  .he  elevated  burning 
nroven  to  be  the  enhanced  transfer 
due  to  the  sound-induced  alternating 

“"X'tlid  symbols  show  normal 

of  sound  from  normal  gravity  experimen  s. 

Further  research  is  required  dependence  of  burning  rate. 

NASDA  and  Japan  Space  Forum.  The 

experimental  assistance. 


252 


Turbulent  Combustion 


VORTEX/FLAME  INTERACTIONS  IN  MICROGRAVITY  PULSED 

JET  DIFFUSION  FLAMES 

M.  Y.  Bahadori1,  Science  and  Technology  Development  Corporation,  U.  Hegde,  National  Center 
for  Microgravity  Research,  and  D.  P.  Stocker,  NASA  Glenn  Research  Center 

INTRODUCTION 

The  problem  of  vortex/flame  interaction  is  of  fundamental  importance  to  turbulent  combustion. 
These  interactions  have  been  studied  in  normal  gravity.1'2  It  was  found  that  due  to  the 
interactions  between  the  imposed  disturbances  and  buoyancy  induced  instabilities,  several  overall 
length  scales  dominated  the  flame.  The  problem  of  multiple  scales  does  not  exist  in  microgravity 
for  a pulsed  laminar  flame,  since  there  are  no  buoyancy  induced  instabilities.  The  absence  of 
buoyant  convection  therefore  provides  an  environment  to  study  the  role  of  vortices  interacting 
with  flames  in  a controlled  manner.  There  are  strong  similarities  between  imposed  and  naturally 
occurring  perturbations,  since  both  can  be  described  by  the  same  spatial  instability  theory.3,4 
Hence,  imposing  a harmonic  disturbance  on  a microgravity  laminar  flame  creates  effects  similar  to 
those  occurring  naturally  in  transitional/turbulent  diffusion  flames  observed  in  microgravity.5'6 

In  this  study,  controlled,  large-scale,  axisymmetric  vortices  are  imposed  on  a microgravity 
laminar  diffusion  flame.  The  experimental  results  and  predictions  from  a numerical  model  of 
transient  jet  diffusion  flames  are  presented  and  the  characteristics  of  pulsed  flame  are  described. 

APPROACH 

Turbulent  Gas-jet  Diffusion  Flames  (TGDF)  experiment  was  a self-contained,  autonomous 
payload  flown  in  the  bay  of  Space  Shuttle  Columbia.  The  combustion  chamber  (with  free  volume 
of  53  liters)  contained  the  fuel  supply  system,  igniter  system,  a vortex  generation  mechanism,  and 
science  instrumentation.  The  fuel  nozzle  had  an  internal  diameter  of  1.65  mm.  Propane  was 
injected  at  a flow  rate  of  3.6  mg/sec  (Re  = 400).  A vortex-generation  mechanism,  using  an  iris 
assembly  located  near  the  flame  base,  provided  axisymmetric  vortices  for  interaction  with  the 
flame  front.  Temperature  measurements  in  and  near  the  flame  were  made  at  50  Hz  by  a rake  of 
type-K  thermocouples.  Three  thermopile  radiometers  were  used  at  a sampling  rate  of  50  Hz. 
Two  provided  the  radiation  from  narrow  slices  of  the  flame.  The  third  radiometer  was  a wide- 
view  unit  for  global  radiation  measurement.  Following  ignition,  the  flame  was  allowed  to  develop 
for  25  seconds  to  reach  a quasi-steady  state.  Four  periods  of  pulsing  (with  frequencies  in  the 
range  of  1. 5-5.0  Hz)  followed  this  phase.  The  pulsing  periods  were  each  of  a duration  of  15 
seconds,  and  each  was  separated  by  six  seconds.  Following  the  final  period  of  pulsing,  the  flame 
continued  to  burn  until  extinction  due  to  the  decay  in  fuel  bottle  pressure.  More  details  on  the 
experiment  hardware  and  procedure  are  presented  elsewhere.7 

The  transient  numerical  model  of  the  pulsed  laminar  flame  provides  the  capability  of  calculating 
the  flame  characteristics  under  imposed,  oscillatory  disturbances.  The  model  provides  solutions 
for  velocity,  pressure,  temperature,  and  species  fields,  and  is  described  in  detail  in  another 
publication.  In  the  computations,  the  iris  is  modeled  as  a thin  boundary  within  the  domain  with 
no-slip  condition  imposed  on  both  its  upper  and  lower  surfaces.  Suitable  modification  to  the 
coordinates  of  the  grid  at  each  time-step  accomplishes  the  desired  sinusoidal  motion. 

1 Science  and  Technology  Development  Corporation,  11661  San  Vicente  Boulevard,  Suite  500, 

Los  Angeles,  CA  90049;  e-mail:  bahadori@earthlink.net 
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The  comparisons  between  data  and  predictions  for  the  steady-state  flame  (i.e.,  for  the  first  25 
seconds  of  the  experiment)  are  presented  in  other  publications9  and  will  not  be  discussed  here. 

Figure  1 shows  the  phase  relationship  between  the  centerline  temperature  and  flame  surface 
radiation  (from  narrow-angle  radiometer)  near  the  flame  base  for  1.5  Hz.  The  phase  of  the  iris 
maximum  open  position  is  also  shown.  It  is  seen  that  the  temperature  and  radiation  oscillations 
are  in  phase  (i.e.,  phase  difference  < 90°)  near  the  flame  base.  Also,  the  maximum  amplitudes  of 
the  oscillations  occur  approximately  one  quarter  of  a cycle  after  phase  of  maximum  iris  opening. 
This  corresponds  to  iris  maximum  inward  velocity,  which  results  in  increased  local  combustion 
rate  during  the  inward  iris  motion  causing  enhanced  entrainment  and  mixing  (see  radiation 
behavior  in  Fig.  1).  The  predicted  phase  of  the  oscillation  phase  angle  near  the  flames  base  from 
the  numerical  model  is  shown  in  Fig.  2.  The  phase  difference  between  radially  separated 
oscillations  at  this  location  is  less  than  90°,  which  agrees  with  the  measurements  of  Fig.  1. 

The  phase  relationships  between  centerline  temperature  and  flame  surface  radiation  (from  the 
upper  narrow-angle  radiometer)  at  an  axial  location  beyond  the  flame  half-height  are  shown  in 
Fig.  3.  In  contrast  to  the  in-phase  characteristics  of  the  oscillations  near  the  flame  base  (see  Figs. 

1 and  2),  the  signals  are  out  of  phase  (i.e.,  phase  difference  > 90°).  The  predicted  radial  variation 
of  the  oscillation  phase  angle  in  the  downstream  region  obtained  from  the  numerical  model  is 
shown  in  Fig.  4.  Consistent  with  the  measurements,  the  predicted  oscillations  close  to  the  flame 
surface  (3  < r/d  < 7)  are  out  of  phase  compared  to  the  oscillations  at  the  centerline  (r/d  = 0). 

The  vortex  dynamics  in  the  flame  core  region  can  be  assessed  from  the  amplitude  variation  of 
the  centerline  temperature  oscillations  by  comparing  their  decay  rates  with  that  of  the  mean 
velocity.  If  the  oscillations  do  not  interact  significantly  with  each  other  or  the  mean  flow,  then 
they  may  be  viewed  as  passive  contaminants  which  are  merely  convected  and  dispersed  by  the 
mean  flow.  Hence,  their  decay  rate  will  be  the  same  as  that  of  the  mean  velocity.  On  the  other 
hand,  if  their  decay  rate  is  different  from  that  of  the  mean  velocity,  then  their  deviation  provides 
significant  insight  into  the  characteristics  of  vortex  dynamics  in  the  flame.  Figure  5 plots  as 
functions  of  x/d:  (i)  the  computed  variation  of  the  normalized  centerline  velocity  from  the 

numerical  model,  which  has  an  inverse  relationship  with  x/d;  (ii)  the  measured  values  of  the 
normalized  temperature  amplitudes  at  the  pulsed  frequency  of  3 Hz;  and  (iii)  the  measured  values 
of  the  temperature  amplitude  at  3 Hz  when  it  occurs  at  the  first  harmonic  in  the  1.5-Hz  pulse  case. 
Three  zones  are  identified  in  Fig.  5,  as:  linear  oscillation/mean-flow  interaction  zone  (Zone  I), 
non-linear  oscillation/mean-flow  interaction  zone  (Zone  II),  and  oscillation  decay  zone  (Zone  III). 

In  the  lower  third  of  the  flame  to  approximately  x/d  = 30  (Zone  I),  it  is  seen  from  Fig.  5 that: 
(a)  the  decay  rate  of  the  oscillations  is  lower  than  that  of  the  mean  velocity,  i.e.,  both  the  primary 
and  harmonic  grow  in  strength;  (b)  the  decay  rate  of  the  3-Hz  oscillations  is  the  same  whether  it 
occurs  as  primary  or  harmonic,  indicating  that  the  dynamics  is  linear,  i.e.,  non-linear  interactions 
between  the  oscillations  are  not  significant;  and  (c)  since  the  oscillations  grow  in  strength,  and 
interactions  between  the  oscillations  are  not  significant,  the  energy  transfer  must  be  from  the  mean 
field  to  the  oscillations.  This  behavior  is  consistent  with  the  measurements  of  the  temperature 
field  which  show  that  the  mean  temperature  in  the  lower  part  of  the  flame  decreases  upon  pulsing. 

In  the  central  region  of  the  flame  between  x/d  = 30  and  x/d  = 55  (Zone  II),  Fig.  5 shows  that: 
(a)  the  decay  rate  of  the  oscillations  for  the  primary  is  greater  than  that  of  the  mean  velocity,  i.e., 
the  primary  vortex  loses  strength;  (b)  the  decay  rate  of  the  oscillations  at  3 Hz  is  different 
depending  upon  whether  it  is  the  primary  or  harmonic,  and  can  only  occur  if  interactions  exist 
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between  oscillations,  i.e.,  the  dynamics  is  no  longer  linear;  and  (c)  since  the  oscillations  at  the 
primary  decrease  in  strength,  the  energy  transfer  must  be  from  the  primary  (e.g.,  3 Hz)  to  the 
mean  field  and/or  its  harmonic  (i.e.,  6 Hz).  Measurements  also  show  that  in  the  downstream 
locations  (x/d  = 55  and  higher),  the  mean  temperatures  increase  upon  commencement  of  pulsing. 
This  clearly  indicates  energy  transfer  from  the  primary  vortex  to  the  mean  flow  in  this  zone. 

In  the  downstream  region  of  the  flame,  i.e.,  x/d  > 55  (Zone  III)  in  Fig.  5,  the  decay  rate  for 
both  the  primary  and  harmonic  approach  that  of  the  mean  velocity.  This  indicates  that  energy 
transfer  between  the  mean  flow  and  oscillations  as  well  as  non-linear  interactions  between  the 
oscillations  are  no  longer  significant,  and  the  balance  is  simply  between  convection  and  diffusion. 
This  is  the  first  time  that  the  decay  of  vorticity  by  dissipative  (i.e.,  viscous)  effects  has  been 
demonstrated  in  flames.  It  may  be  noted  that  this  phenomenon  has  not  been  documented  in 
normal-gravity  studies  due  to  the  effects  of  buoyant  acceleration. 

Figure  6 plots  as  functions  of  x/d:  (a)  the  predicted  variation  of  the  amplitude  of  the 

normalized  temperature  oscillations;  (b)  the  experimentally  measured  variation  of  the  amplitude 
of  the  normalized  temperature  oscillations;  and  (c)  the  predicted  variation  of  the  amplitude  of  the 
normalized  axial  velocity  oscillations.  The  predictions  are  in  good  agreement  with  measurements 
and  further  show  that  the  behavior  of  the  axial  velocity  oscillations  and  the  temperature 
oscillations  are  similar.  The  amplitude  of  the  oscillations  grows  in  the  lower  part  of  the  flame  as 
the  oscillations  extract  energy  from  the  mean  flow.  Further  downstream,  the  oscillations  decay 
returning  energy  back  to  the  mean  flow.  Finally,  the  decay  rate  of  the  oscillations  approaches  the 
1/x  decay  behavior  of  the  mean  velocity.  The  numerical  computations  also  show,  as  is  clear  from 
the  amplitude  variation  of  the  velocity  oscillations,  that  the  kinetic  energy,  k,  of  the  oscillations 
peaks  in  the  lower  part  of  the  flame.  Energy  balance  considerations  then  show  that  the  vortex 
dissipation  rate,  E,  also  peaks  in  the  lower  parts  of  the  flame.  This  behavior  is  completely  different 
from  buoyancy  dominated  flame  characteristics  where  the  dissipation  rate  continues  to  increase 
with  axial  distance. 
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Fit  I*  Phase  variation  of  centerline 
temperature  oscillations  (x  - 1.5  an)  and 
radiation  from  Lower  radiometer,  f ^ 1.5  Hz. 


Fig.  3.  Phase  varialion  of  centerline 
temperature  oscillations  (x  = 9 cm)  and 
radiation  from  upper  radiometer;  f m 1.5  Hz 


fig.  5 Axial  variation  of  normalized  measured 
centerline  temperature  amplitude  (3  Hz  primary 
and  3 Hz  harmonic)  and  computed  axial  velocity 


Fig.  2.  Predicted  phase  angle  (relative  to 
centerline  value)  of  the  axial  velocity 
oscillations  near  the  his. 


Fig.  4.  Predicted  phase  angle  (relative  to 
centerline  value)  cJr  the  axial  velocity 
oscillations  near  (he  flame  lialf-hdght 


Fig,  6.  Oscillation  amplitude  of  predicted 
normalized  temperature,  measured  normalized 
temperature  oscillations,  and  predicted 
normalized  axial  velocity  oscillations. 


dt«TICS  of  non-premixed  turbulent  flames  in 

CHARACTERISTICS  mICROGRAVITY  p s.oclcer,  NASA 

Glenn  Research  Center,  ana  m. 

tlar^^are  obtained  at  much  smaller  velocMes diameter  and  fuel ddutton  on 
1 this  paper,  experimental  results  on  the  e^m  ^ prediclions  ftom  a 

r^croscale  along  the  flame  axis  are  constdered. 

APPROt£ ” erogravtty  experiments  in  thrs  study  w^reconduc^^tth^l8-sewnd^ro- 

s^SSSr^Hr 

microphone  a^e  i y Hz  A 16-bit  data  acquisition  system  is  u pressure 

response  to  about  10,000H^A  ^ ^ ^ thermocouples  are  1000  Hz  wtui 

^ SOWK  fM  PreSSUrc'  0C‘ 

, vie  no-3  21000  Brookpark  Road, 

, cinirio  and  Combustion,  Mb  liu  J, 


(ii) 

(iii) 


Non-Premixed  T„,bu|c„,  FI™,,;  u ^ ^ ^ 

ulilizes  a discrete  ^ and  dtssipation  rate.  The  code 

RESULTS  SS‘°nS  fW 

numbe/xL' *£em  “gS  elSTSeS^  ft,"C,i0"  °f  "*  **«*»  Reynolds 

16  ZJ  nozzle  dZeta  T™'  gravi'y  “d  microgravity 

gravity  and  nhcn^^d  V°iUme>  Pr°P“  <*  ™lut£,  nnrogen,  non™, 

micrZaT  ^ 5°%  <by  P">Pane-50%  (by  volume)  „,troge„ 

doublmg  the  nozzle  diameter  and  reducing  the  Zn  PeiCent^e  ofd^-  * is  observed  that  bv 
affected.  This  suggests  the  scaling  that  L a d 6 ll  by  ^ the  flame  height  fa  not  " 

* " ™te  of  the  tajected  Z,urt’Where  L " ^ - - nozzl^  dianZr  and 

the  computational  model  recovers  th*»  - 

fhelTZo  dilution  and  Reynolds  number  FoZZZZ  0bSe™d  dependence  on  "°zzle 
Z Zn  Zf " "Z  fraC,i°nS  « *»™  profiles  and 

sss  ktsss  for  ,hc 

A possible  reason  for  the  discrenanrv  hf,  u>%-2()%  ovctprediction 
obtamed  from  consideration  of  the  uZtavto  “v"  T*"*  “*  C<>mpU,ed  fla”  lights  is 

turbulent  v,scos,ty  profile  can  provide  insfeh?  inrn 1 , Un,ty‘  Thus’ th^  computed 
for^ffeT^ 

egins  to  increase  again,  ft  would  be  useful  to  comn  °W'?.tream  of  the  nozzle,  levels  off  and  then 

made.  H^weler^may  be°  not^ 

fl  ose  ,n  magmtude  for  the  different  gravitational  leve^ 
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Thermocouple  ** ^etmpe^ure ' ^ 

location.  This  indicates  Tavlot  microscale  and  the 

lower  half  of  the  flame.  ls  can  related  10 *h  , , * ic  rosca,e  obtained  from  the 

The  autocorrelation  o he8aJljai  variation  of  the  Taylo  ( with  the  increase  in 

turbulent  viscosity7  • Figure  P axis.  Note  that  it  decreases  flattens  out  in  the 

autocorrelation  function  do.  *^„ce  levels  flatten  out.  Us  vatae  *>  0f  the  „ame  wdl 

» ^ 15 
SwavioHn  the  co-npu^  ^ Iadiated  ftom  of  the 

Pressure  spectra  of  the  time-dependent  volumetn  of  the  pressure 

The  radiated  sound  field /Chamber  resonant  excitation,  the  be^fU^Cflucluations  in  the  flame 
flame’.  In  esi,mate  of  the  ^uency  c"^^  Rgure  6 plots  measured 

spectrum  provides  a g mrbulent  spectrum  frequency  The  pressure 

region  and  an  estimate  o propane  flame  consi  ere  sonant  frequency  effects  are 

pressure  spectra  of  the.^C^  . 
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EFFECTS  OF  BUOYANCY  ON  THE  FLOWFIELDS  OF 
LEAN  PREMIXED  TURBUENT  V-FLAMES 

R.  K.  Cheng  1,  B.  Bedat*,  D.  T.  Yegianl,  P.  Greenberg2, 

Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA 
NASA  John  H.Glenn  Research  Center  at  Lewis  Field,  Cleveland  OH 

INTRODUCTION 

Open  laboratory  turbulent  flames  used  for  investigating  fundament  flame  turbulence 
in  eractions  are  greatly  affected  by  buoyancy.  Though  much  of  our  current  knowledge  is  based  on 
servations  made  in  open  flames,  buoyancy  effects  are  usually  not  considered  in  dfta 
interpretation,  numerical  analysis  or  theories.  This  inconsistency  remains  an  obstacle  to  merging 
xpenmental  observations  and  theoretical  predictions.  To  better  understanding  the  effects  of  § 
buoyancy,  our  research  focuses  on  steady  lean  premixed  flames  propagating  in  fullyTveloL 
rbulence.  We  hypothesize  that  the  most  significant  role  of  buoyancy  forces  on  these  flames  is 
in  uence  their  flowfields  through  a coupling  with  the  mean  and  the  fluctuating  pressure  fields, 
is  coup  mg  re  ates  to  the  elliptical  problem  that  emphasizes  the  importance  of  the  upstream 
TherefWr  d°Wnstream  bou"dary  conditions  in  determining  all  aspects  of  flame  propagation 
and  flame  geometry'  ^ aS  °ther  as  flow  configuration, 

BACKGROUND 

L>r.Jrw+rrenZC  lh!  fi'ld  effeCtS  0f  b,10>'ancJ'' our  aPP™ch  is  ■»  compare  flames  in  normal 

fnfonnattan tZl  8>  a"d  'n  micr08ravi‘>r  <flg>-  flg  flames  experiments  provide  key 

ormation  to  reconcile  the  observations  made  in  + lg  and  -lg  flames.  Thus  far  we  have 

structures^  IndTan  and""5  ^ ?*  ^ °f  bU°ya"Cy  00  sElbilizati°"  flame  wrinkle 
structures,  and  mean  and  rms  velocities  m several  flame  configurations.  Exploration  of  these 

phenomena  helps  to  gam  an  overview  and  to  build  the  scientific  foundation  needed  for  defining 
conf,guratlon  and  conditions  for  microgravity  flight  experiments.  Our 
investigation  of  rod-stabilized  v-flames  subjected  to  +lg  and  -lg  have  lead  to  the  observation  of 
a buoyancy  stabilized  flame  [Bedat  and  Cheng,  1996],  observation  of 

We  also  found  that  the  effects  of  buoyancy  persist  beyond  the  limit  predicted  by  current 
the  mL  n ’ ?en|  and  K°S,iuk'  19991  ™s  ‘"'cresting  phenomenon  was  first  shown  by 

converse  w’hhTnere"8  n""P  SCal'n8  SUggeS‘S  thi“  ‘he  +gl  '*  and  ***  flame  ang|es  should 
Re  > 20^  For  u * ‘"f  n m°mentUm'  For «""><*•  'A'S  convergence  was  found  for 

Indue S m'  F lurbulenl  'lamcs'  convergence  was  not  found.  The  use  of  2D  Planar  Laser 
Induced  Fluorescence  techn.que  for  OH  radicals  revealed  that  the  difference  is  due  to  the  fact  that 
the  - g turbulent  flame  ,s  more  wrinkled  than  the  dig  flame.  Therefore,  buoyancy  has  a direct 

fwgh  flow  moVmlrmnt  tUrbU'eM  ^ - Present  even 

LDA  SYSTEMS  FOR  lg  AND  jig  EXPERIMENTS 

To  further  understand  how  the  differences  in  flame  wrinkling  relate  to  the  flowfield,  we  use 
aser  Dopper  anemometry  (LDA)  to  measure  the  velocity  statistics  in  +lg,  - lg  and  Ltg  flames  In 
he  laboratory  we  use  a two-component  frequency-shifted  four-beam  LDA  wfth  a /watt  Argon- 
Ion  laser  source,  t is  interfaced  to  a PC  that  also  controls  a three-axis  traverse  table  to  scan  the 
flame  automatically.  Obviously,  this  system  is  too  complex  for  reduced  gravity  aircraft 
experiments.  To  develop  a LDA  system  for  parabolic  flights,  we  took  a two  step  approach. 


263 


Buoyancy  Effects  on 


Premixed  Turbulent  Flames:  Cheng,  Bedat  Yegian  & Greenberg 


„ Amnnnpnt  I dA  the  first  goal  was  to  demonstrate  the  feasibility  of 

L7h  as  seeding  device  and  suitable  experimental  protocol  for  scanning  the  flowfteld.  Based 

experiment  is  designed  in  a forward  soattenng  eorfiguratiom  The  lat*r  source  is  a 1 

gMilflsr^ 

focused  onto  a 100  micron  diameter  multimode  optical  fiber.  The  signal  is  digitized  by  a burst 
SPeCTte  ^™s~2es?pair  of  semiconductor  diode  lasers  each  emitting  .5  mW  a,  676 

SKEsraMpsgg^. 

flow  reversals  in  the  axial  direction.  . t 

gravity)  the  follow  steps  were  executed  : 1)  purge  the  burner,  2)  set  the  met  fnu 

" ^rm  the  r r ,o  its 

park  position.  Consequently,  each  parabola  produced  measurements  at  only  one  posmo  . 

^TheSenments  include  both  laminar  and  turbulent  flames  all  using  research  grade  methane 
as  f«.  me  expenmental  matnx  covers  flow  velocties  from  0.8  to  2 m/s,  equivalence  ratio  * 
froln  0 6 to  0 & The  pg  flame  experiments  have  been  conducted  in  three  campaigns  using  D 
ITkCBS  aircraft.  Figure  1 compares  the  2D  velocity  vectors  obtained  in  a +lg  and  a -lg 
t f i?p i ISO  (h  — 0 7 Under  this  low  velocity  condition,  there  are  significan 

rmu"otTceable.  Compared  to  the  +lg  case,  the  -lg  velocity  vectors  show  a more 
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dwergent  flow  in  the  reactants.  This  is  consistent  with  the  change  in  mean  radial  pressure 
gradient  due  to  the  mean  products  flow  circulating  upstream  due  to  buoyancy  Whether  or  not 

- “•  ~ ~ » 

*ZZ3  TFFrV*"  rf>kS  0btained  in  +U.  ‘Ig  and  pg  v-names  (Re  = 
2500  and  0 - 0.7).  Each  point  on  the  pg  velocity  profile  was  collected  during  separate  parabolas 

“ ^“-nUrr °f  LDA  Valida,i°nS  Ca"  ^ CO"“Kd  10 Pro^ceTbl"y 

statistics.  A lack  of  significant  scatter  in  the  mean  and  rms  velocities  is  a good  indication  that  the 
expenmems  were  highly  reproducible.  As  expected,  the  mean  profile  of  the  +lg  fi^e  sho« 
continuous  acce  eranon.  In  contrast,  the  -Ig  mean  profile  shows  deceleration  af,  aTinitiaT 
accehtranon  tn  the  near  field  (x  > 1 2 mm).  The  most  interesting  feature  of  the  pg  flame  mean 
profile  ,s  that  the  peak  velocity  occurs  father  downstream  at  x i 30  followed  by  a slight 
deceleration  This  indicates  that  without  buoyancy,  the  velocity  in  the  products  plum  decelerates 
because  of  divergence.  Due  to  the  use  of  frequency  shifting  in  our  laboratory  LDA  "stem  the 

How  °C', ‘CS  °f  *‘7  8 and  _lg  narae  are  sli8htly  higher  than  the  levels  measured  in  pg, 

the  farfield  increas  S h™  ^ thf1J"oWes  Can  stdl  be  compared.  In  Ig  and  -lg,  the  fluctuations  in 
fie  d ^creases  because  of  buoyancy  induced  instabilities.  For  the  pg  flames  the  rms 

buoyancy  S°  " 'he  * 'h‘S  Sh°WS  tha'  S°me  inStabiliU“  ^ even  withZ 

0 - iT^Lt r nrHne  Pr°f,leS  °f  ,UrbUlent  +&  -18  and  M flames  w‘ih  Re  = 2506  and 
- 0.65.  Due  to  the  higher  flow  momentum  and  turbulence,  the  differences  in  the  mean  velocitv 

mT  ^ sam=  «nd  ” " 

T.  ’ ean  ve  oclty increases  in  the  +lg  flame  and  decreases  in  the  -lg  flame 

The  mean  profile  of  the  pg  flame  drops  slightly  and  then  levels  off.  At  x = 40m,  the  differences 
the  +lg,  - lg  and  pg  mean  velocity  are  less  than  0.5  m/s.  The  corresponding  rms  velocitv 
profiles  show  that  buoyancy  effects  on  velocity  fluctuations  also  occur  mainly  in  the  farfield  At 

S^  “Rr  “ m +'8  2nd  '‘8  flameS  increase  and  those  i"  08  flame  decrease. 

s„b“i!  re  Hl,S,Sh°"  ,hat  fhe  CffeCtS  °f  ^ flame  flowfields  can  be  quite 
. b tter  understand  how  these  velocity  changes  relate  to  the  development  of  flame 

wrinkles  requires  a more  complete  comparison.  Of  particular  importance  is  the  measurement  of 

J™  Clty.  comP°nent-  We  planning  to  use  the  two-component  LDA  system  to 
measure  transverse  velocity  profiles  in  pg  flames.  y 
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M 10  0 -10  20  -3' 

Y [mm]  Y [mm] 


Figure  1 Comparison  of  2D  velocity  vectors 

measured  in  a + 1 g (left)  and  a - 1 g (right) 
laminar  v-flame 


Axial  Distance  (mm) 


Figure  2 Comparison  of  2D  velocity 

vectors  measured  in  a + lg  (left) 
and  a -lg  (right)  turbulent  v-flame 


Axial  Distane  (mm) 


Axial  Distance  (mm) 


Figure  3 Mean  and  rms  centerline  profiles  of 
+lg,  - lg  an<l  W?  laminar  v-flame  at 
Re  = 1880  and  <{»  = 0.7 


Axial  Distance  (mm) 

Figure  4 Mean  and  rms  centerline  profiles  of 
+lg>  -lg  an£l  PS  turbulent  v-flame  at 
Re  = 2506  and  ((>  = 0.65 
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Improve  Models  of  Turbulent  Combustion 

James  F.  Driscoll 

Department  of  Aerospace  Engineering 
University  of  Michigan 
NASA  Contract  NAG  3 - 1639 

A unique  flame-vortex  interaction  experiment  is  being  operated  in  microgravity  in  order  to 
obtain  fundamental  data  to  assess  the  Theory  of  Flame  Stretch  which  will  be  used  to  improve 
models  of  turbulent  combustion.  The  experiment  provides  visual  images  of  the  physical  process 
by  which  an  individual  eddy  in  a turbulent  flow  increases  the  flame  surface  area,  changes  the  local 
flame  propagation  speed,  and  can  extinguish  the  reaction.  The  high  quality  microgravity  images 
provide  benchmark  data  that  are  free  from  buoyancy  effects.  Results  are  used  to  assess  Direct 
Numerical  Simulations  of  Dr.  K.  Kailasanath  at  NRL,  which  were  run  for  the  same  conditions. 


The  Michigan  drop  tower  experiment  (Fig.  1)  is  unique  because:  (a)  it  is  a simple  but  general 
"canonical"  problem  of  an  eddy  interacting  with  a flame  - researchers  developing  DNS  simulations 
recognize  that  their  codes  must  correctly  simulate  this  type  of  simple  problem  before  they  attempt  to 
simulate  fully  turbulent  flames,  (b)  it  provides  the  only  measurements  of  all  components  of  the 
local  stretch  rate,  the  strain  rate,  vorticity  field,  and  local  propagation  speed  because  of  its 
axisymmetric  geometry,  and  (c)  it  allows  control  of  the  Froude  number  and  buoyancy  forces. 
Previously,  high  quality  digitized  images  of  the  flame-vortex  interaction  were  obtained  in 
microgravity  at  the  NASA  Lewis  2.2  Second  Drop  Tower.  Results  showed  that: 

a)  Flame  wrinkle  amplitude  and  shape  in  microgravity  compared  favorably  with  the  DNS 
of  Dr.  Kailasanath  at  NRL  for  the  same  vortex  strengths,  sizes,  fuel  type  (methane). 

b)  "Flame  generated  vorticity"  (turbulence)  was  conclusively  identified  experimentally  for  the  first 

time  - it  is  created  by  buoyancy  forces  in  our  one-g  experiment.  A Baroclinic  Stabilizing 
Mechanism  also  was  identified  from  PIV  data  at  one-g  which  reduces  flame  wrinkling  and 

should  be  included  in  models  of  turbulent  combustion. 

c)  PIV  images  were  obtained  at  four  different  Froude  numbers  (at  one-g)  to  provide  the  first 
images  showing  how  vorticity  is  attenuated  by  the  flame. 

d)  The  PIV  images  also  provide  the  first  strain  rate  data  for  freely  propagating  wrinkled  flames,  at 
four  Froude  numbers  at  one-g. 

Six  journal  articles  [1-6]  describe  the  results.  The  goals  of  the  next  phase  are: 

(1)  To  develop  microgravity  PIV  diagnostics  to  measure  simultaneously  the  two 
most  important  quantities  in  the  field  of  premixed  turbulent  combustion,  namely 
the  local  flame  propagation  speed  and  local  stretch  rate. 

(2)  To  continue  to  compare  measured  local  propagation  speed  and  stretch  rate  to 
the  Direct  Numerical  Simulations  of  Kailasanath  [7]. 

(3)  To  look  at  two  aspects  of  the  flame-vortex  interaction  in  more  detail  -the 
formation  of  a "cusp"  in  the  flame  by  the  vortex  and  the  "spherically  inward 
propagating  flame"  that  occurs  as  the  vortex  creates  a pocket  of  reactant. 

(4)  To  measure  radical  species  CH  and  OH  at  four  different  Froude  numbers. 

CH  and  OH  radical  concentrations  have  been  made  (at  one-g)  with  PLIF 
diagnostics  and  will  be  compared  to  the  DNS  simulations  of  Kailasanath  [7]. 
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PIV  and  high  speed  shadowgraph  movies  will  be  made  in  the  NASA  Lewis  2.2  Second 
Drop  Tower  using  the  existing  experiment.  The  local  displacement  speed  (Sd)  and  stretch 
rate  (K),  will  be  measured  to  assess  the  Theory  of  Flame  Stretch,  [8-10],  which  states  that: 

Sd  / SL.o  = 1 - Ma  K / (SL>02/D) 

At  one-g,  we  have  used  PIV  data  shown  in  Fig.  2 to  measure  the  displacement  speed:  the 
difference  between  the  flame  speed  in  lab  coordinates  and  the  speed  of  the  reactants  ahead 

of  the  flame:  Sd  = Vf  ■ n - Vr  • n.  Our  measured  displacement  speed  and  stretch  rates 

at  one-g  are  plotted  in  Ref.  5.  Stretch  rate  (K)  is: 

K = V Vr-  (n-V)  Vr  + Sl/R 

a)  Direct  Numerical  Simulations  of  Flame-Vortex  Interactions  hv  Kailasanath  at  NRf . [7] 

use  the  Michigan  data  for  comparisons.  He  includes  complex  methane  chemistry  and 
realistic  heat  losses.  It  is  planned  to  publish  a joint  paper  to  compare  results. 

b)  Microgravity  studies  of  Dr.  Robert  Cheng  at  LBL.  also  have  shown  that  microgravity 

increases  the  wrinkling  of  turbulent  flames  [1 1],  in  agreement  with  our  findings. 

c)  Markstein  numbers  measured  bv  G.M.  Faeth  for  spherical  flames 

Markstein  numbers  of  the  present  work  are  being  compared  to  those  of  Faeth  [10], 
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Fig.  1.  Microgravity  Flame-Vortex  Interaction  Results  Showing  that  Buoyancy 
Reduces  Flame  Wrinkling,  in  part  due  to  the  Baroclinic  Stabilization  Mechanism. 
Results  have  been  compared  to  the  DNS  simulations  of  Kailasanath,  et  al. 
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Figure  2.  One-g  PIV  Images  of  Velocity  Field  (only  every  ninth  vector  shown)  and  the 
Vorticity  Field  ((blue  = clockwise  rotation,  red  = counterclockwise).  Note  that  flame 
causes  the  initial  vortex  to  be  completely  attenuated  but  that  it  also  creates  new  “flame- 
generated” vorticity  that  is  opposite  in  sign  to  the  initial  vortex. 


THE  INTERACTION  OF 
A VORTEX  RING  WITH  A DIFFUSION  FLAME 
UNDER  MICROGRAVITY  CONDITIONS 
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INTRODUCTION 

Turbulent  diffusion  flames  represent  by  far  the  largest  class  of  combustion  problems,  with 
applications  ranging  from  aerospace  propulsion  systems,  to  industrial  combustion  processes,  and 
to  utility  power  generation  systems.  Direct  investigation  of  turbulent  flame  processes  to  identi  y 
the  fundamental  effects  of  elementary  flow,  transport,  and  combustion  phenomena  can  be 
difficult  Flame-vortex  interactions  provide  a way  to  isolate  these  fundamental  elements  and 
study  them  under  carefully  controllable  conditions.  The  flame-vortex  configuration  used  in  this 
study  allows  direct  study  of  many  of  these  phenomena,  but  has  not  previously  been  accessible  to 
experiments  owing  to  the  fact  that  such  investigations  can  only  be  conducted  under  microgravity 
conditions  as  shSwn  by  Chen  & Dahm  (1996,  1997).  Limiting  theoretical  analyses  by 
Karagozian  & Manda  (1986)  and  Manda  & Karagozian  (1988)  for  the  corresponding  two- 
dimensional  problem  allow  comparisons,  as  do  recent  direct  numerical  simulations  by  J lames  & 
Madnia  (1996)-  Here  we  present  results  revealing  effects  of  heat  release  and  radiation  on 

combustion  process. 

EXPERIMENTAL  RESULTS 

A vortex  ring  is  generated  by  issuing  pressurized  gaseous  fuel  into  a plenum  and  axisymmetnc 
nozzle  The  interaction  with  a diffusion  flame  occurs  as  the  ring  exits  the  nozzle.  A detailed 
description  of  the  experiments,  conducted  in  the  NASA  LeRC  2.2  sec  drop  tower  can  be  found 
in  Chen  & Dahm  (1998).  The  fuel  volume  and  ring  circulation  are  set  independently,  and  cover 
a wide  range  of  conditions.  A CCD  camera  records  the  visible  luminosity  of  the  resulting  flame- 
vortex  interaction,  shown  in  inverse  grayscale  format  in  the  attached  figures. 

Time  sequences  of  reacting  vortex  rings  in  air  are  shown  in  Figs.  1-4.  The  reduced  luminosity  of 
Fig  1 compared  to  Fig.  2 with  similar  ring  circulation  and  fuel  volume  is  due  to  the  higher 
sooting  propensity  of  propane  than  ethane.  By  doubling  the  circulation  and  fuel  volume  both 
ethane  and  propane  begin  to  soot  heavily  (Figs.  3-4).  However,  propane  cases  appear  to  soot 
much  heavily  which  results  in  a more  spherical  shape  compared  to  the  more  elongated  shape 
ethane  cases.  Heat  loss  from  soot  radiation  must  be  accounted  for  the  shape  discrepancy.  With 
more  heat  release  going  into  heating  the  reactants,  the  ring’s  shape  becomes  more  elongated 
streamlines  are  more  open  (Manda  & Karagozian,  1988). 

Fuel  consumption  time  is  defined  as  the  time  when  all  the  fuel  injected  have  been  consumed  by 
the  reaction.  Theoretical  fuel  consumption  time  based  on  the  simple  spherical  diffusion  flame 
model  used  by  Chen  & Dahm  (1998,  1999)  agreed  well  with  the  observed  burnout  time  (time 
when  no  visible  luminosity  is  seen)  for  cases  of  propane,  diluted  propane  with  nitrogen,  and 
ethane.  In  addition,  there  is  also  good  agreement  with  methane  cases  as  shown  in  Fig.  6. 

The  burning  ring  trajectories  for  a few  cases  are  shown  in  Fig.  6,  and  it  is  evident  that  the 
inviscid  theory  of  ring  translational  speed  failed  to  follow  the  trajectories  Effects  of  heat 
release,  whichis  to  increase  viscosity,  must  be  incorporated  into  the  model  Viscous * ^1  with 
constant  viscosity  (at  ambient  temperature  and  adiabatic  temperature)  also  failed  this  sugges 
that  a model  with  time  varying  viscosity  may  be  appropriate  to  capture  the  salient  features  of  the 
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burning  ring  trajectories. 

Subsequent  work  will  include  the  measurements  of  soot  number  density  using  laser  induced 
incandescence,  and  the  measurements  of  major  and  minor  species  concentrations  and 
temperatures  using  wave  modulation  spectroscopy  with  diode  lasers.  These  measurements  will 
allow  the  investigation  of  some  of  the  key  aspects  of  the  diffusion  flame/vortex  ring  interactions. 

Chen,  S.-J.  & Dahm,  W.J.A.  (1996)  Bull.  Am.  Phys.  Soc.  41,  1726  (abstract  only). 
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Karagozian,  A.R.  & Manda,  B.V.S.  (1986)  Combust.  Sci.  Tech.  49,  185-200. 

Manda,  B.V.S.  & Karagozian,  A.R.  (1988)  Combust.  Sci.  Tech.  61,  101-1 19. 


Fig.  1 Flame/vortex  interaction  using  ethane  as  fuel,  V = 15  cc  and  T=  117  cm2/sec.  The 
observed  burnout  time  is  400  msec.  Compare  to  Fig.  2. 


Fig.  2 Flame/vortex  interaction  using  propane  as  fuel,  V = 17  cc  and  T=  137  cm2/sec  The 
observed  burnout  time  is  1100  msec.  Since  Figs.  1 & 2 have  the  same  fuel  volume  and 
circulation,  they  should  have  the  same  burnout  time.  Due  to  the  heavy  sooting  in  the  propane 
case,  the  burnout  time  will  be  longer  to  accommodate  the  soot  burnout.  In  addition,  because  of 
heat  loss  due  to  soot  radiation  in  the  propane  case,  the  burning  ring  translated  farther  than  the 
ethane  case.  Note  that  heat  release  has  the  effect  of  increasing  viscosity  thereby  slowing  down 
the  vortex  ring.  fe 
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Fig.  3 Flame/vortex  interaction  using  ethane  as  fuel,  V = 26  cc  and  T = 282  cm2/sec.  The 
observed  burnout  time  is  633  msec.  Compare  to  Figs.  1 & 4. 


Fig.  4 Flame/vortex  interaction  using  propane  as  fuel,  V = 26  cc  and  T=  273  cm2/sec.  The 
observed  burnout  time  is  1267  msec.  Compare  to  Figs.  2 & 3.  Note  that  there  is  a gap  of  17 
frames  between  the  second  and  third  row  of  pictures.  Since  propane  is  sooting  more  heavily  than 
ethane.  Fig.  3 has  an  elongated  shape  because  of  higher  heat  release  than  Fig.  4.  The  difference 
in  observed  burnout  time  between  Figs.  3 and  4,  even  though  both  have  similar  fuel  volume  and 
circulation,  can  be  attributed  to  soot  burnout.  Furthermore,  the  burning  ring  in  Fig.  4 has  moved 
farther  downstream  than  that  in  Fig.  3. 
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Fig.  5 Comparison  of  theoretical  fuel  consumption  time,  obtained  via  simple  spherical  diffusion 
flame  estimate,  with  observed  burnout  time.  This  simple  model  agrees  generally  well  with  the 
experimental  data,  considering  that  the  observed  burnout  times  span  by  more  than  an  order  of 
magnitude.  This  model  will  need  to  incorporate  the  effects  of  soot  burnout  and  circulation. 


Fig.  6 Burning  vortex  ring  trajectories  for  a few  cases.  The  inviscid  theory  is  only  useful  in 
capturing  the  early  stage  of  translation  where  it  is  dominated  by  momentum.  Effects  of  heat 
release  and  heat  loss  due  to  soot  radiation  must  be  incorporated  in  a model  for  the  translation  of 
burning  vortex  rings. 
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COMBUSTION  OF  INTERACTING  DROPLET  ARRAYS  IN  A 

DI  microgravity  environment  IN  A 

D.L.  Dietnchl,  P.M.  Struk,  2,  K.  Kitan03  and  M.  Ikegami3-  1 NASA  Glenn  Remrrh  r,  , 
Cleveland,  Ohio  44135  (Me1.Dietrich<aprr  nasa  ^ i National  Center  for  M^y^’ 
Research,  Hokkaido  National  Industrial  Research  Institute. 

INTRODUCTION 

Investigations  into  droplet  interactions  date  back  to  Rex  et  al. 1 . Recently  Annamalai  and  R van2 
Arniamalai  published  extensive  reviews  of  droplet  array  and  cloud  combustion  studies  The 

resuns  f , Cha"ge  in  the  buming  ratt  COnS,am' k'  to  that  of  the  sinl  dropTet)  ftat 

Under  certain  condi,,ons-  ^ ™sis  a •*— « 
droplet  lifetime  reaches  a minimum,  or  average  buming  rate  constant  is  a maximum1'48 

Additionally,  since  inter-droplet  separation  distance,  L,  increases  relative  to  the  droplet  size  D as 

cttlwfyS  "6  bUmmg  “ ^ “*  “ 

MaaT'  al  " StUdied  '"lera““"s  Editions  where 
, „ °™s  were  negligible.  Companng  their  results  with  existing  theory,  Law  and  co-workers 

ound  that  theory  over  predicted  the  persistency  and  intensity  of  droplet  interactions  The  drooler 
interactions  also  depended  on  the  initial  array  configuration  as 

con  igura  ion.  ey  also  concluded  that  droplet  heating  was  retarded  due  to  interactions  and  that 
he  burning  process  did  not  follow  the  "D-squared"  law.  Mikami  et  al."  studied  the  combustion  of 
a two-droplet  array  of  heptane  burning  in  air  at  one  atm  pressure  in  microgravity  They  showed 

singlfdrPTerAlsoS  the  7 T throughout  *oplet  lifetime,  even  for  a 

spacing.  ? m bme  of  the  array  reached  a minimum  at  a critical  inter-droplet 

In  this  article,  we  examine  droplet  interactions  in  normal  and  microgravity  environments  The 

microgravity  experiments  were  in  the  NASA  GRC  ? 0 anH  s a a • e 

i a \yjip  /|  ...  rtL-  i.i  and  5.2  second  drop  towers  and  the 

JAMIC  (Japan  Microgravity  Center)  10  second  drop  tower.  Special  emphasis  is  directed  to 
^^Sth:^^finite  “ d— ’ - - “e  how  droplet 

EXPERIMENTAL  HARDWARE  AND  DATA  ANALYSIS 

Utilifd  thC  daSSiCal  fiber-suPPorted  droplet  combustion  technique  A 125  or 

the  fih  A Pendlt!8°n  the  initial  droplet  size)  fiber  with  a small  bead  (approximately  1 5-2  0 times 
dre  fiber  diameter)  supported  the  droplets.  The  fuel  was  n-decane  for  all  of  the  tests  A small 
ded  hot-wire,  withdrawn  immediately  after  ignition,  ignited  the  droplets. 

1 he  data  for  all  of  the  experiments  was  from  two  orthogonally  located  video  cameras  ThP  first 
2"“  provided  a magnified,  backlit  view  of  the  dropleuo  obL  .be  dr  p e,  eg7  on  M ,oZ 
n*  second  was  an  orthogonal  view  of  the  flame.  The  droplet  dtamc.er  repomd  terem  is  an 

— ?e  0b“med  by  equalln8  Ihe  measured  volume  or  the  projected  area  of  the  droplet  to 
that  of  the  equ, valent  sphere  or  circle,  respectively"  For  the  data  herein  we  renort  Zth  an 

0Vr.7and^ IV nS,an,ane°US k The  average  k COmes  from  a M-ear  fit  of  ie  data  betweel,  t 

Unei  behavior^s  Tmah  Vhe  7!  bUm  “7  W<!  “ thiS  “ CaSeS  where  the 

expe”  Zema  data1*  '"stantaneous  k comes  from  a modified  cubic  spline  ft,  to  the 
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interactions.  This,  at  fjm  review  y h ^ instantaneous  burning  rate  for  an  array 

however,  in  the  work  of  Mikami  et  al-  . g , 7n<%  the  droDlet  lifetime,  or  average 

may  differ  from  the  single  droplet foIuD^greater  than  or  equal  to  6.  The  greatest  change 
"ryrrio”eUMme.  during  the  droplet  heating  period.  After  this  period  is  over, 

single  droplet  results  compare  favorably  with  dre  work  “f  ®ung  “d^aw, 
droplet  diameter  mcreasing  with  decreasing  pressure.  £8™*^  Sh0W 
effects  have  a significant  influence  on  the  extinction  droplet  inter-droplet 

There  are  three  odier  important  points  that  are  not  representedinl^gure  2^  at  , ^ 

spacings  below  12  mm  (8  mm  dian  ihe 

droplet  diameter.  Or,  more  specifica  y,  Second  the  interaction  effect  on  flame 

supporting  fiber  and  “ " s—mg  bodi  droplets  or 

extinction  was  present  wheth  results  in  Figure  2 are  for  identically 

individual  flames  around  each  drop  et  ma  y , here)  where  there  was  a significant 

sized  droplets.  There  were  a large  number  of TesK (not  shm » h_  droplet  diameters.  In 

difference  in  the  initial  droplet  size,  at  pressures  y . . immediately  (within  0 033  second  or 

these  cases,  the  flamearound  the  teger  droplet , „here  a single 

, Video  frame)  after  the  tdiv^lZi^lunded  each  droplet, 

envelope  flame  surrounded  both  droplets  and  wner  droplet  in  a 

The  firs,  series  of  microgravity  tests  were  of  ™°  Se  3 shows  the  results  for 

".was  ve"^8Fig«e  3 a“ws  the  change  in  the  instantaneous  burning  rate 

C°^^^cu^ndy  ^analyzinglmicrogravity  data  from  die  JAMIC  facility  for  droplet  interactions 
under  conditions  of  extinction. 

"m^of  interactions  during  droplet  Z3£S 

mechanisms.  Tfte  however,  and  this  tends  to 

each  individual  droplet.  The  heat  loss  neither  effect  is  significant,  and  there  is  no 

strengthen  the  tane^  A'  toge  seP^amn  ^a  ^ ^ m the  diffusion  dominated  regime 

interaction  effect.  The  results  in  effect  of  these  two  competing  mechanisms  averaged 

- — — - — vanes  only 
slightly  with  inter-d^letseparaaon^™ee^actjon  ^ ,n  th,s  case,  the  diffusive 

Extinction  ecu,  when  die  characteristic 


282 


residence  time  is  smaller  than  the  characteristic  chemical  rparrinn  time  , . 

flame  standoff 

zzzzxz  ss  r tar  - 

We  are  currently  developing  a numerical  model  for  the  binary  droDlet  arrav  Th^  i • u , 

;sssa,2  szzs r-  - sssxsssrs 
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Figure  1 . Average  burning  rate  constant  as  a 
function  of  inter-droplet  spacing  for  three 
pressures  in  normal  gravity. 
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Figure  2.  Extinction  droplet  diameter  as  a 
function  of  pressure  for  a single  droplet  and 
two  droplet  arrays  in  normal  gravity. 


Figure  3.  Droplet  diameter  history  for  a single 
droplet  and  two  binary  droplet  arrays  in  a 0. 17 
oxygen  mole  fraction,  380  torr  ambient.  The 
burning  rate  constant  for  the  single  droplet  is 
also  shown.  Do  ~ 1.7  mm. 
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single  droplet  and  binary  droplet  array  (L  = 12 
mm).  The  initial  droplet  size  was  1 .2  mm. 
The  ambient  pressure  was  70  torr.  (normal 
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INTRODUCTION 

Combustion  experiments  using  arrays  of  droplets  seek  to  provide  a link  between  single 
droplet  combustion  phenomena  and  the  behavior  of  complex  spray  combustion  systems.  Both 
single  droplet  and  droplet  array  studies  have  been  conducted  in  microgravity  to  better  isolate  the 
droplet  interaction  phenomena  [1-4]  and  eliminate  or  reduce  the  confounding  effects  of 
buoyancy-induced  convection.  In  most  experiments  involving  droplet  arrays,  the  droplets  are 
supported  on  fibers  to  keep  them  stationary  and  close  together  before  the  combustion  event.  The 
presence  of  the  fiber,  however,  disturbs  the  combustion  process  by  introducing  a source  of  heat 
transfer  and  asymmetry  into  the  configuration.  As  the  number  of  drops  in  a droplet  array 
increases,  supporting  the  drops  on  fibers  becomes  less  practical  because  of  the  cumulative  effect 
of  the  fibers  on  the  combustion  process. 

The  overall  objective  of  this  research  is  to  study  the  combustion  of  well-characterized  drop 
c usters  in  a microgravity  environment.  Direct  experimental  observations  and  measurements  of 
the  combustion  of  droplet  clusters  would  fill  a large  gap  in  our  current  understanding  of  droplet 
and  spray  combustion  and  provide  unique  experimental  data  for  the  verification  and  improvement 
of  spray  combustion  models.  This  paper  describes  current  work  on  the  design  and  performance 
of  an  apparatus  to  generate  and  stabilize  droplet  clusters  using  acoustic  and  electrostatic  forces. 

EXPERIMENTAL  APPROACH 

The  difficulty  in  producing  an  unconfined  cluster  of  liquid  drops  in  ground-based  experiments 
« that  drops  begin  to  settle  or  disperse  before  a cluster  of  drops  can  be  formed  and  stabilized. 
The  experimental  apparatus  developed  in  this  study  is  unique  because  it  allows  a well- 
characterized  drop  cluster  to  be  formed  and  stabilized  in  a resonant  acoustic  field.  Experiments 
can  then  be  conducted  in  a drop  tower  by  forming  the  drops,  stabilizing  them  in  the  acoustic 
field,  and  then  turning  off  the  field  immediately  prior  to  the  combustion  event.  Figure  1 shows  a 
sketch  of  the  experimental  apparatus  developed  in  this  work.  It  consists  of  an  acoustic  levitator 
assembly,  an  electrostatic  charging  unit  and  a droplet  generator.  The  droplet  cluster  is  formed  by 
introducing  drops  into  the  antinode  of  a resonant  acoustic  field  developed  between  the  acoustic 
horn  and  reflector.  An  electrostatic  charge  placed  on  the  drops  during  their  formation  prevents 
them  from  coalescing  into  a single  large  drop  in  the  antinode.  The  acoustic  field  not  only 
supports  the  droplets  against  gravity  but  also  exerts  a lateral  positioning  force  that  helps 
maintain  the  shape  of  the  cluster.  In  the  following  sections,  details  of  the  experimental  apparatus, 
operating  procedure,  and  performance  characteristics  are  presented. 
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Acoustic  Levitator  , . 4 . . _ 

The  single-axis  acoustic  driver  assembly  consists  of  two  piezoelectric  transducers 

sandwich  configuration  similar  to  that  developed  by  Cao  e,  al  (5|.  Aluminum  transmitter  blocks 
are  placed  on  both  sides  of  the  sandwich  transducer  and  sized  to  create  a plane  standing  wave  in 
the  material  when  oscillating  at  20  kHz.  A titanium  stepped  acoustic  horn  is  tightly  coupled  to 
the  forward  transmitter  to  amplify  the  transducer  displacement.  The  tip  of  the  horn  is  29  nun  in 
diameter  and  directs  the  acoustic  wave  towards  the  reflector  (50-mm  diameter).  For  these 
conditions,  an  acoustic  pressure  well  8.5-mm  high  and  1 1 mm  in  diameter  can  be  obtained.  A 
sound  pressure  level  of  approximately  180  dB  provides  a sufficient  force  to  levitate  drops  up  to 

5 mm  in  diameter. 


Droplet  Generator  . , ... 

An  on-demand  droplet  generator  was  developed  to  introduce  droplets  into  the  acoustic 

levitator.  The  liquid  fuel  is  placed  in  a 0.1-ml  syringe  having  a 90-micron  hypodermic  needle 
attached  at  its  end.  The  syringe  assembly  is  mounted  on  a traversing  stage  controlled  by  a 
stepping  motor.  A piezoelectric  screw  positioner  depresses  the  plunger  of  the  syringe  to  form 
drops  as  small  as  300  microns  on  the  end  of  the  needle.  The  liquid  is  charged  to  help  brea  up  e 
drop  placed  on  the  end  of  the  hypodermic  needle  and  to  prevent  the  drops  that  are  produce 
from  coalescing  in  the  antinode  of  the  acoustic  field.  An  induction  charging  system  consisting  of 
a copper  ring  mounted  on  the  syringe  and  an  adjustable  0 - 10  kV  high  voltage  power  supp  y 
charges  the  liquid  as  it  passes  through  the  needle. 


hnaetnusvstem  con$isting  of  a f-lber-optic  light  sheet  illuminator,  a 45-deg  reflecting 

mirror  and  a CCD  video  camera  allows  the  formation,  stabilization,  and  ultimate  y e 
combustion  of  the  droplet  cluster  to  be  clearly  observed.  The  light  sheet  produced  by  the  fiber 
optic  illuminator  is  directed  towards  the  plane  of  the  droplet  cluster.  The  45-deg  mirror  is 
mounted  above  the  acoustic  reflector  and  allows  the  cluster  to  be  viewed  from  the  top  through  a 
window  in  the  reflector.  The  CCD  camera  and  microscope  lens  is  positioned  to  view  the  cluster. 
The  image  is  transmitted  to  the  computer  to  monitor  the  experiment  and  to  a video  recorder. 

EVALUATION  OF  SYSTEM  PERFORMANCE 

The  sound  pressure  level  between  the  driver  and  reflector  was  mapped  using  a 3-mm  diameter 
microphone.  As  shown  in  Fig.  2a,  two  antinodes  are  produced  when  the  driver  and  reflector  are 
20  mm  apart.  The  radial  sound  pressure  measurements  in  Fig.  2b  show  that  a pressure  we 
having  a radius  of  approximately  4-mm  is  also  formed. 

Formation  of  Droplet  Clusters 

Because  methanol  has  been  used  in  previous  microgravity  investigations  [1,2]  and  can 
easily  charged,  it  was  used  in  the  initial  tests  of  the  acoustic  levitator  system.  Figures  3 and 
show  images  of  droplet  clusters,  viewed  from  above,  having  3 and  13  droplets,  respective  y. 
Table  1 shows  the  average  drop  sizes,  drop  spacing,  and  cluster  sizes  from  these  images,  as  we 
as  for  a cluster  containing  8 drops.  The  group  combustion  number  for  these  configurations  is  also 
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shown  in  Table  1.  Based  on  the  criteria  given  by  Annamalai  and  Ryan  [6],  these  clusters  lie  in  the 
group  combustion  regime.  More  specifically,  these  conditions  are  between  the  internal  and 
external  group  combustion  regimes,  where  the  flame  front  lies  within  the  droplet  cluster  and  both 
isolated  drop  and  group  combustion  occurs.  Therefore,  using  this  apparatus,  we  will  be  able  to 
perform  a detailed  experimental  analysis  of  group  combustion  phenomena.  Current  work  is 
focusing  on  developing  methods  to  introduce  a greater  number  of  droplets  into  the  cluster  and 
installing  apparatus  to  conduct  combustion  experiments. 

SUMMARY 

In  the  current  work,  a single  axis  acoustic  levitator  has  been  designed  and  constructed. 
Droplets  are  introduced  into  the  field  by  using  the  acoustic  field  itself  to  break  up  a charged 
droplet  on  the  end  of  a hypodermic  needle.  The  design  of  the  acoustic  levitator  provides  both  a 
vertical  and  lateral  positioning  force  on  the  droplet  cluster.  By  specifying  the  charge  placed  on 
the  initial  drop,  stable  clusters  containing  between  2 and  15  drops  have  been  generated.  Current 
work  focuses  on  installing  an  ignition  system  so  that  the  drops  can  be  ignited.  The  entire 
apparatus  will  be  incorporated  into  a drop  tower  test  rig  so  that  experiments  can  be  conducted 
under  microgravity. 
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Table  1.  Characteristics  of  Droplet  Clusters 


Number 
of  Drops 

Cluster 

Diameter 

(mm) 

Drop 

Diameter 

(mm) 

Drop 

Spacing 

(mm) 

G 

3 

3.18 

0.34 

2.58 

0.96 

8 

4.88 

0.20 

1.96 

0.98 

13 

7.43 

0.19 

2.22 

1.00 

Figure  1 . Acoustic  levitation  and  drop 
generation  apparatus 


(a)  axial  sound  pressure  on  r = 0 (b)  radial  sound  pressure  at  z 3 mm 

Figure  2.  Sound  pressure  level  between  the  acoustic  driver  and  reflector 


Figure  3.  Droplet  cluster  containing 
3 drops 


Figure  4.  Droplet  cluster  containing 
13  drops 
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INTRODUCTION 

Monodispersed  and  mono-sized  droplet  clouds  as  a simple  model  of  sprays  have  been  applied  to 
fundamental  studies  on  spray  combustion  by  some  researchers  [1-4].  Burgoyne  and  Cohen  [1], 
Mizutani  and  Ogasawara  [2]  and  Hayashi  and  coworkers  [4]  investigated  mainly  flammability  limits 
of  droplet  clouds.  They  used  droplet  clouds  falling  down  in  a combustion  tube.  Hayashi  and 
Kumagai  [3]  investigated  flame  propagation  in  stationary  droplet  clouds.  To  realize  uniform  and 
stationary  droplet  clouds,  they  developed  a rapid  expansion  apparatus,  which  was  based  on  the 
principle  of  Wilson's  cloud  chamber.  They  used  small  droplet  clouds  for  experiments  because  large 
droplets  fell  down  during  the  generation  process  of  droplet  clouds.  In  the  present  work,  flame 
propagation  in  fuel  droplet  clouds  was  studied  experimentally  with  a rapid  expansion  apparatus.  To 
prevent  droplets  from  falling  down  by  gravity,  for  large  droplet  clouds,  experiments  were  performed 
under  microgravity  conditions.  A new  type  of  rapid  expansion  apparatus  was  developed  for 
microgravity  experiments. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

Monodispersed  and  mono-sized  droplet  clouds  were  generated  by  rapid  and  uniform  temperature 
drop  of  saturated  fuel  vapor-air  mixtures.  The  principle  of  the  generation  of  droplet  clouds  is  the 
same  as  that  of  Wilson's  cloud  chamber.  The  rapid  and  uniform  temperature  drop  was  realized  by 
rapid  pressure  reduction  of  fuel  vapor  - air  mixtures  as  Hayashi  and  Kumagai  [3]  employed.  Figure 
1 shows  a schematic  diagram  of  the  experimental  apparatus.  A rapid  expansion  device  consisted  of 
a high  pressure  chamber,  main  valve,  flow  control  valve  and  exhaust  gas  reservoir.  Rapid  expansion 
started  when  the  main  valve  was  opened  and  ended  when  the  pressure  of  the  high  pressure  chamber 
balanced  with  the  pressure  of  the  exhaust  gas  reservoir.  Since  there  were  few  movable  parts,  this 
rapid  expansion  device  made  only  little  vibration  and  was  suitable  for  microgravity  experiments. 

A combustion  chamber  was  installed  in  the  high  pressure  chamber.  An  electric  heater  and  a 
cooling  jacket  were  equipped  in  the  combustion  chamber  wall.  In  the  test  section  of  the  combustion 
chamber,  there  were  an  ignition  wire,  a fuel  injection  nozzle  and  two  thermocouples.  The  ignition 
wire  was  a platinum  rhodium  wire  (50  |im  in  diameter,  5 mm  in  length),  and  located  at  the  center  of 
the  test  section.  The  temperature  of  the  ignition  wire  was  kept  constant  automatically  during  the 
ignition  procedure  by  a power  supply  system  which  included  a Wheatstone  bridge.  This  function  of 
the  power  supply  system  prevented  the  ignition  wire  from  snapping  due  to  the  heat  from  a flame.  The 
required  time  for  the  ignition  wire  to  reach  a constant  temperature  was  about  1 0 ms.  Temperature 
of  the  fuel  vapor-air  mixture  was  measured  with  a platinum-platinum  rhodium  thermocouple  and  a 
chromel-alumelthermocouple  4 mm  away  from  the  center  of  the  combustion  chamber.  The  ignition 
wire  and  thermocouples  were  coated  with  silica  to  suppress  catalytic  combustion  on  their  surfaces. 
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Droplet  diameter  was  measured  with  a laser  droplet  size  analyzer  (LDSA),  which  calculated 
droplet  diameter  distributions  from  the  angle  and  intensity  of  the  laser  lights  scattered  by  droplets. 
The  Sauter  mean  diameter  was  used  as  mean  droplet  diameter.  Shadowgraphy  was  applied  to 
observe  flame  propagation.  Images  of  a flame  were  recorded  with  a high  speed  video  camera  (frame 
speed:  2000  fps,  exposure  time:  1/3000-1/6000  s). 

The  drop  shaft  operated  by  the  Micro-Gravity  Laboratory  of  Japan  (MGLAB)  was  used  in  order 
to  produce  microgravity  conditions.  Duration  of  microgravity  conditions  was  about  4.5  s. 

Ethanol  and  pure  air  were  used  as  fuel  and  ambient  gas,  respectively.  In  the  previous  work  [5], 
dry  air  which  was  made  from  liquid  oxygen  and  nitrogen  was  used  as  ambient  gas.  However,  flame 
speed  differed  with  the  dry  air  makers  even  though  the  oxygen  concentrations  were  the  same.  This 
may  be  attributed  to  some  minor  component  which  was  taken  into  dry  air  during  the  production 
process.  Pure  air  which  was  made  by  removing  water  vapor  and  dusts  from  atmospheric  air  was  used 
in  the  present  work. 

After  charging  air  into  the  high  pressure  chamber,  air  in  the  combustion  chamber  was  heated  up 
by  the  electric  heater  and  liquid  ethanol  was  injected  into  the  test  section.  Saturated  fuel  vapor-air 
mixtures  were  used  as  an  initial  mixture  for  all  experiments.  Therefore,  total  equivalence  ratio  can 
be  determined  from  the  temperature  and  pressure  of  the  initial  mixture.  After  an  onset  of 
microgravity,  the  main  valve  was  opened  by  an  air  actuator.  The  combustion  chamber  wall  was 
cooled  during  the  expansion  process  to  suppress  heat  transfer  from  the  chamber  wall  to  the  mixture. 
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Due  to  the  temperature  drop  caused  by  rapid  expansion,  a part  of  fuel  vapor  was  condensed  into  a 
droplet  cloud.  The  ignition  wire  was  heated  rapidly  0.5-1 .5  s after  the  end  of  the  pressure  reduction 
process.  At  that  moment,  droplet  speed  was  less  than  1 .5  mm/s.  Temperature  and  pressure  of  fuel 
droplet  clouds  were  defined  as  those  values  just  before  the  ignition  wire  was  heated  up.  The  pressure 
in  the  test  section  was  nearly  constant  during  combustion.  Total  equivalence  ratio  <\> , and  pressure 
Pig  of  droplet  clouds  were  set  0.8  and  0.2  MPa,  respectively.  Gas  equivalence  ratio  <t>g  was  obtained 
from  the  temperature  and  pressure  of  fuel  droplet  clouds  and  was  varied  in  the  range  of  0.35-0.8  by 
change  of  the  temperature  and  pressure  of  the  initial  mixtures.  Liquid  equivalence  ratio  <|)c  was 
defined  as  (<(),  - <t>g).  Mean  droplet  diameter  of  fuel  droplet  clouds  dlg  was  varied  in  the  range  of  9-45 
pm  with  varying  pressure  reduction  speed. 


EXPERIMENTAL  RESULTS  AND  DISCURSION 

Figure  3 shows  the  relationship  between  the  flame  speed  and  the  mean  droplet  diameter  of  droplet 
cloud.  The  flame  speed  at  20  mm  in  flame  diameter  was  used  as  a characteristic  flame  speed  of  fuel 
droplet  clouds . The  flame  speed  decreases  throughout  the  mean  droplet  diameter  range  of  the  present 
experiments  for  both  conditions  of  4>(.  The  decrease  in  the  flame  speed  is  supposed  to  be  due  to 
increased  evaporation  lifetime  of  fuel  droplets.  The  droplets  which  do  not  evaporate  completely  in 
the  preheat  zone  make  flame  temperature  lower  and  the  existence  of  droplets  in  the  reaction  zone 
leads  to  the  decrease  in  the  equivalence  ratio  of  the  gas  phase.  In  the  range  of  dig<  30  pm  for  <j),  — 
0.30  and  dig  < 25  pm  for  <J)(  = 0.41,  the  flame  speed  is  larger  than  that  of  the  premixed  gas  of  the 
same  total  equivalence  ratio.  In  the  case  that 


fuel  droplets  exist  in  the  reaction  zone  of  a lean 
mixture  flame,  the  mixture  of  the  maximum 
burning  velocity  exists  locally  around  droplets. 
It  is  supposed  that  flames  propagate  selectively 
through  such  mixtures. 

Figure  4 shows  the  flame  speed  as  a function 
of  Small  droplet  clouds  of  <J>,  > 0.15  were 
not  able  to  be  generated.  Therefore,  data  for 
the  droplet  clouds  of  dig  = 23  and  28  pm  were 
plotted  only  in  the  region  of  4>f  >0.15.  In  all 
cases  of  dig,  the  flame  speed  decreases  in  the 
range  of  <{)(  > 0.2.  In  the  case  of  dlg  — 11  pm, 
with  the  increase  in  <(>„  the  flame  speed 
increases,  takes  the  maximum  value  around  <}), 
= 0.2,  and  then  decreases.  Since  dig  is 
restricted  in  the  narrow  range,  the  number  of 
dropletsin  unit  volume  increasesproportionally 
to  <J)f.  In  the  case  of  droplet  clouds  of  dig=  11 
pm,  with  the  increase  in  <J){,  the  flame  speed 


Mean  droplet  diameter,  djg,  pm 

Fig.  2 Effect  of  mean  droplet  diameter  on  flame 
speed  of  ethanol  droplet  clouds. 
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increases  in  the  range  of  <J>{  < 0.2  because  of 
the  increase  in  the  total  volume  of  the  mixture 
which  has  large  burning  velocity.  On  the  other 
hand,  flame  speed  decreases  in  the  range  of  <|>( 
>0.2  because  the  number  density  of  droplets  in 
the  reaction  zone  increases  proportionally  to  <J>{ 
and  the  rate  of  the  increase  in  the  total  volume 
of  the  mixture  which  has  large  burning  velocity 
deceases. 

CONCLUSIONS 

An  experimental  study  on  the  flame  propa- 
gation in  uniform  ethanol  droplet  clouds  has 
been  made  by  using  microgravity  conditions. 
The  total  equivalence  ratio  and  pressure  were 
set  0.8  and  0.2  MPa,  respectively.  Mean  drop- 
let diameter  of  the  fuel  droplet  clouds  was 
varied  in  the  range  of  9 - 45  (im.  The  following 
conclusions  were  obtained: 

(1)  The  flame  speed  of  fuel  droplet  clouds 
decreases  with  the  increase  in  the  mean 


Liquid  equivalence  ratio,  <j>f 

Fig.  3 Effect  of  liquid  equivalence  ratio  on  flame 
speed  of  ethanol  droplet  clouds. 


droplet  diameter  of  droplet  clouds.  In  the  case  of  small  mean  droplet  diameters,  a flame  propa- 
gates faster  in  a droplet  cloud  than  in  a premixed  gas  of  the  same  total  equivalence  ratio. 

(2)  For  fuel  droplet  clouds  of  1 1 pm  in  mean  droplet  diameter,  with  the  increase  in  the  liquid 
equivalence  ratio  <>„  the  flame  speed  increases,  takes  the  maximum  value  around  <J)(  = 0.2,  and 
then  decreases.  For  fuel  droplet  clouds  of  23  and  28  pm  in  mean  droplet  diameter,  the  flame 
speed  decreases  monotonically  in  the  range  of  (f>f  > 0.2. 
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INTRODUCTION  . , . 

Flames  that  are  sustained  in  a spray  compound  mixture  are  considered  to  be  similar 

to  the  start  of  flame  kernels  and  the  subsequent  flame  development  in  the  evaporating 
gasoline  spray  in  spark  ignition  engines.  This  is  especially  so  in  the  case  of  direct  injec- 
tion stratified  charge  (DISC)  engine,  in  which  a gasoline  spray  is  injected  directly  into 
cylinder  and  ignited  by  an  electric  spark  before  evaporation  of  the  spray  drops  is  com- 
pleted The  gasoline  spray  is  heated  and  evaporated  by  the  hot  spark  discharge  plasma, 
after  which  the  flame  kernel  develops  and  the  flame  propagates  in  the  gaseous  mixture 
containing  the  droplets.  Moreover,  an  investigation  into  the  flame  propagation  of  the 
spray  compound  mixture  leads  to  a further  understanding  of  spray  combustion,  such  as 

diesel  combustion  and  gas  turbine  combustion. 

Many  various  studies  have  been  conducted  on  the  ignition  characteristics  of  spray 
flows  1)‘5).  The  effects  of  the  droplet  diameter,  fuel  concentration  and  flow  condition  in 
the  spray  on  the  ignition  characteristics  were  investigated  in  these  studies.  Mainly  their 
interest  was  focused  on  the  minimum  ignition  energy  necessary  to  maintain  success  u 
ignition  of  the  spray  flow.  Some  of  these  studies  ,)5)  tried  to  estimate  the  gaseous  fuel 
concentration  in  the  spray  flow,  but  did  not  adopt  the  gaseous  fuel  concentration  as  the 
main  variable  parameter  in  the  experiment.  The  flame  propagation  characteristics  have 
been  studied  in  spray  flows  and  spray  compound  mixtures  • The  e^fects  of 
droplet  diameter,  fuel  concentration  and  flow  condition  of  the  spray  flow  and  the  mixture 
on  the  flame  propagation  velocity  (flame  speed)  and  the  lean  limit  of  the  flame  ProP^g^- 
tion  were  examined  in  these  studies.  However,  detailed  analyses  of  the  effects  of  the 
gaseous  fuel  (vaporized  fuel)  fraction  in  the  spray  compound  mixture  on  the  flame  propa- 
gation characteristics  were  not  made,  except  for  a few  studies  ' - Even  in  these  studies 
The  compounded  spray  drops  had  a velocity  relative  to  the  ambient  gas,  and  were  not 
distributed  homogeneously  because  these  experiments  were  performed  under  conditions 
of  normal  gravity.  Moreover,  the  effect  of  buoyancy  reflected  in  the  results  is  not  negli- 
gible under  normal  gravity.  Thus,  fundamental  information  of  the  ignition  and  flame 
propagation  characteristics  in  the  spray  compound  mixture  is  required  from  an  experi- 
ment in  which  fractions  of  the  gaseous  fuel  and  droplets  are  independently  and  widely 
changed  under  microgravity. 

EXPERIMENTAL  SET-UP  AND  PROCEDURE 

Fig  1 shows  a schematic  diagram  of  the  experimental  apparatus.  The  experimen  a 
apparatus  size  was  870mm  in  length,  870mm  in  width  and  918mm  m height.  It  consisted 
of  a combustion  chamber,  a liquid  fuel  injection  system,  a spark  ignition  system,  a hig  - 
speed  video  camera  system  and  a timing  control  system.  Experiments  were  performed 
under  normal  gravity  and  microgravity  with  changing  experimental  parameters,  such  as 
ambient  pressure,  total  equivalence  ratio  (Total  of  Gaseous  Fuel  Equivalence  Ratio 
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and  Kerosene  Equivalence  Ratio,  4>t  = cf>g  + (f)l). 

The  combustion  chamber  was  filled  with  a propane-air  mixture  at  a known  equiva- 
lence ratio  before  the  capsule  was  dropped.  The  kerosene  spray  was  injected  into  the 
combustion  chamber  using  a D.I.  gasoline  injector  at  a certain  timing  from  the  start  of  the 
fall.  The  fuel  drops  lost  their  velocity  by  the  air  resistance,  and  floated  almost  homoge- 
neously in  the  combustion  chamber.  After  the  fuel  drops  lost  their  velocity  the  spray 
compound  mixture  was  ignited  by  the  spark  plug,  and  the  flame  propagated.  The  ignition 
and  propagation  processes  were  recorded  by  the  high-speed  video  camera. 

The  Sauter  s mean  diameters  of  the  sprays  injected  by  the  gasoline  injector  were 
measured  using  a LDSA  equipment  around  the  center  of  the  vessel  under  normal  gravity 
The  number  of  density  of  the 
liquid  droplets  around  the  spark 
electrode  was  calculated  using 
the  Sauter's  mean  diameter  and 
the  attenuation  of  the  laser  beam. 

By  using  the  Sauter's  mean  di- 
ameter and  the  number  of  den- 
sity, the  equivalence  ratio  for  the 
kerosene  fuel  droplets  could  be 
estimated  as  shown  in  Fig.  2 for 
an  ambient  pressure  of  0. 1 MPa, 
and  in  Fig.  3 for  an  ambient 
pressure  of  1.0  MPa. 

At  this  stage,  the  number 
of  data  obtained  under 
microgravity  conditions  is  very 
few.  Therefore,  mainly  experi- 


mental results  under  normal 
gravity  will  be  presented  in  the 


Fig.  1 Schematic  diagram  of  the  experimental  apparatus 


next  section. 


Time  after  Injection  t s Time  after  Injection  t s 

Fig.  2 Temporal  variation  of  the  equivalence  Fig.  3 Temporal  variation  of  the  equivalence 

ratio  for  the  liquid  droplets  under  atmospheric  ratio  for  the  liquid  droplets  under  ambient 

pressure  pressure  of  l.OMPa 
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Fig.  4 Flame  propagation  process  of  the  spray  compound  mixture 
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Fig.  5 Flame  propagation  speed  of  spray  Fig.  6 Flame propa^1^  f 

compound  mixture  for  the  initial  pressure  of  compound  mixture  for  the  initial  pressure  ot 
ahud„  l.OMPa 


0.1  MPa 


F^  rrtfowffhe  photographs  of  the  flame  propagation  process  of  the  spray 
command  mixtures  undef normal  gravity  conditions^  The  total  equivalence  rat, o was 
S 1.0,  and  the  propane  equivalence  ratio  was  changed  from  1.0  to  0.24  as  shown 

^ FiFig‘ret?  and^Fig*  6 show  the  name  propagation  speed  of  the  spray  compound 
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"fnTMK  a fT?tion  °f  tFe  totaI  equiva]ence  ratio,  ft.  The  result  for  an  initial  pressure 
f.  °:  \*?P  and  the  normal  gravity  conditions  is  shown  in  Fig.  5.  The  X-ordinates  show 
the  total  equivalence  ratio.  The  liquid  fuel  equivalence  ratio  was  changed  from  10  to 

a^  Fr  ^hTI  PreSSUre  °f  10MPa  Under  -icrogravity  eondWontTre  indb 
changed  from  0.  J ,o  0.  ^ Y “penmen,s-  ,he  H0uid  f“el  equivalence  ralio  was 

SUMMARY 

(1)  In  the  case  of  the  ambient  pressure  of  O.IMPa  under  normal  gravity  conditions  the 

pr0pagat!on  sPeeds  of  the  spray  compound  mixture  show  lower  values  than 
he  flame  speeds  of  the  gaseous  fuel  mixture  for  the  lean  equivalence  rat  o condi 

those  o?rhrVer’  thefname  SpCedS  °f  the  spray  compound  mixture  are  h^her than 
those  of  the  gaseous  fuel  mixture  for  rich  conditions.  S 

( } Z case  of  an  ambient  pressure  of  l.OMPa  under  microgravity  conditions  the 
me  speeds  drastically  increase  compared  to  the  gaseous  fuel  flame  speeds  at  the 

a?oTnd°.h  fqu!vaIence  raIio  around  the  total  equivalence  ratio  of  1 0P  However 
around  the  total  equivalence  ratio  of  0.6,  the  flame  propagation  speed  of  the  sorav 

(3)  CF7?ZdZTe  Sh°:ia'mOSt  the  SamC  Va'Ue  aS  ,he  8ase°us  flame  speed  W 
U F g ,5  and  F/S-6  cannot  be  compared  easily  because  of  the  difference  of  eravitv 

dransdcaTy'affere7bv^Lnamh  P?Paga'i0n  Sf>eed  °f  ‘he  gaSeous  fuel  mixture 

seem  to  be  smaller  for  the  n Pressure-  The  affects  of  the  ambient  pressure 

em  to  be  smaller  for  the  flame  propagation  speed  of  the  spray  compound  mixture 

the  ^xample’  in  the  case  of  a total  equivalence  ratio  around  1.0,  the  flame  speed  of 
the  gaseous  fuel  is  about  2000mm/s  under  atmospheric  pressure,  but  decreases  to 
about  450mm/s  under  an  ambient  pressure  of  l.OMPa.  The  flame  SDeed  of  the 
spray  compound  mixture  is  about  1800mm/s  under  the  atmospheric  pressure  t<t>l-0  1 1 
and  is  about  1350mm/s  under  the  higher  pressure  condition  P ^ X 
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Pressure  Effects  on  COMBUSTION  of  Methanol 

AND  METHANOL-DOCEC  ANOL  DROPLETS^  ^ ^ 

K.  Okai,  Y.  Ono,  O-Muriue  M Tsue  M Kon > , ■ Jlsh^;^Harima  Heavy  Industries, 

‘The  University  of  Tokyo,  Tokyo  ’ f renter  Cleveland  OH  44135,  University  of 

Tokyo  135-006.,  Japan,  ’NASA  Lews Research  CleV^" 

California,  San  Diego,  La  Jolla,  CA,  92UV3  tw 

INTRODUCTION  , ot-nfi:n{T  of  the  combustion  of  binary  fuel 

The  objective  of  this  research  is  to  improve  d single  dropiets  and  two-droplet 

mixtures  in  the  vicinity  of  the  cntica  poin  . i_dodecanol,  initially  0.9  mm  in  diameter, 

arrays  of  methanol  and  of  mixtures  o me  ano  the  NASA  Lewis 

were  burned  in  room-temperature  a.r  a.  pressures  from  0T  MPa  to  ^ 

2.2-second  drop  tower. ^ The  work  ,s  a J sprays,  relevant  to 
designed  to  increase  knowledge  of  h g p Diesel  engines.  Some  previous 

application  in  propulsive  and  power-pro  uction  ^ev  ^ ^ M of  the  previous  experiments 

publications  from  this  cooperative  progra  research  reported  here  addresses  alcohols  and 

concerned  alkanes  and  alkane  mixtures.  nrevious  reSults  for  alkanes  extend  to  alcohols, 

alcohol  mixtures,  to  ascertain  the  degree  to  combustion  [3,4]  and  a 

There  have  been  many  ^ * ““ 

171  but  none  “ 

the  alcohol  mixtures  extending  to  critical  pressures,  as  m the  present  y. 

Experimental  Apparatus  and  Procedure  chamber  a fuel-supply  system,  ahot- 

The  experimental  apparatus  consists  of  a combmUon  cl^te^ue.  ^PPJJ^ 
wire  igniter,  two  “D  ^atus 'resembles  that  described  prcvrously,  only  essential 

alcohols  are  (Tcl-512.6K,  Pci  *.1M  ^ of  tw0  identical  0.125  mm  quartz 

Two  almost  identical  droplets  were  dispensed  start  0f  the  test.  The 

fibers  (with  small  beads  on  the  end)  in  normal 1 gravtQt  ju*  after  rdease  of  the 

droplets  then  were  simultaneously  ignite  y ^ ^ minimized  subject  to  reliable 

experimental  package  to  microgravity.  Th  g duration  as  in  earlier  experiments; 

ignition  for  each  condition  rafter  than  were  quickly  retracted. 

this  reduces  effects  of  the  ignition  impu  • secured  by  two  black-and-white  CCD 

Two  orthogonal  views  of  the  combustton  Pr^esswe  t secure id  by  ^ ^ for  in 

cameras  directed  through  the  windows  ^ a direct  photograph  of  the 

grabber  for  analysis. 

Results  for  Pure  Methanol 

Extinction  Diameters  dronlets  and  droplet  pairs  for  various 

press^rel^S”^  above  fte  critical  pressure  of  the  lire,.  Extinction 
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Okai  et  al 


die."'' '£  HereT  %*?*  ^ 

but  flame  existence  was  indicated  by  a glowing  fiber  The  ext'  °r,al1  P"essures  (even  at  9MPa). 
from  the  last  record  that  exhibited  fiber  glow  Though  WeilLTd  WaS  determined 

extinction  of  fiber-supported  methanol  ifL/d  a , V d coworkers  f7J  did  not  report 
both  for  single  droplets  and  droplet  pairs  at  atmmT  ‘ COmbUS‘IOn'  extinction  waa  clearly  seen 
droplet  wo*  [3,4]  and  explai^^ KTheTpta’  “ 

the  concentration  and  temperature  fields  of  the  gas  nh^  • £P  P ’ Unike  lsolated  droplets, 
asymmetric,  which  may  cause  liauid-nha^  -8t  ? i ^ m the  Vlc,mty  of  the  liquid  surfaces  are 
extinction  diameter  was  found  to  be  almost  ind  ,bey°nd  diffus°capillarity,  but  the 

ZZZET At  ,MPa 

life.^e^as  a^Limum^t'a^ehaih'^cing^or'mmiy^foels^fg^]6  ^ 

£"FrFm - 

hexadecane  droplet  pairs  in  microeravitv  for  t u ^ ^ f°r  hePtane  and  heptane- 
respectively.  The  minimum  in  micSJ  LT^  , ^7™  " Wgh  pressures, 

transfer,  enhanced  by  soot  emissions  for  these  f^ell  ^ °f  radiative  heat 

that  droplet  lifetime  monotonically  decreases  with  in  • presen  exPenments,  Fig.  1 shows 
radiation  from  the  non-sooty  methanol  At  higher  creasing  sPacing,  explained  by  the  lower 
shown  in  Fig.  2.  Previous^fc  f ***  d— > - 

pressures  exceed  the  critical  pressures  of  both  components’ **  ^ ^ 
pressure  effects  in  the  present  exnenWntc  u j * Th  earier  dlsaPPearance  of  the 
methanol  and  the  weaker  radiative  TheV'  ^ f°r 

droplets  with  increasing  pressure  seen  in  Fia  ? • • h decrease  ln  hfetime  of  the  isolated 

results  tok  ^JoIZZcZTm^I  C°nS,Sten‘ W,th  li,era,Ure  resu,ts  1?J 

Droplet-Diameter  and  Flame-Diameter  Histories 

todexhibit  strong  disruption  phenomena 
single  droplets  and  droplet  pa,rfe^„  i„lTn  ' !‘  ,ho^*Srupt,on  phenomena  occur  both  for 

.ha,  buming-rate  constants  of  single  ^ “ "" 

volume  fraction  of  0.1  at  atmospheric  pressure  are  Mill  Hiff-0  for  a"  mmal  dodecanol 

combustion  and  that  disruption  then  occurs  both  fo  • dlfffait  un'11  m,dw:|v  through 

variety  of  d,srup.io„-like  phenomena^ ob^i  the  f P'e‘S  "d  dr°P'et  pairs'  The 

I . Disruption,  as  in  the  disruptive  humino  A , . present  exPenmcnts  were  classified  as: 

gas  or  trap  gas  but  do  not  produce  a sudden  diameter  decrease  “ ^ <ha'  P“ff 
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4.  Stable  burning,  dunng  which  n P ^ consistent  with  stable  burning, 

burning,  observed  for  all  mixtures  es  ’ ^ disruption.  Puffing,  not  shown  in  ig-  » 

Figure  3 shows  conditions  exhibit  g disruption.  Some  of  flame  diameter 

typically  occurs  for  conditions  ~^^8thfflamc  could  not  be  discerned  in  these 
Df  histories  also  are  plotted  in  Fig.  3,  a contraction  could  still  be  inferred  from  the 

tests.  Although  this  was  a common  oc  4 shows  that  boiling  occurs  even  for  singe  pure 

ins*bllity  "* 

"dT“  eStimat6S  [l3’H]- 

CONCLUSIONS  miantitative  information  on  the  combustion  ot 

These  results  provide  both  quahtf 1VC  ^noiqdodecanol  mixtures,  both  single  droplets  and 
methanol  droplets  and  of  drop  ets  o ® t0  aboVe  the  critical  pressures  of  the  pure 

droplet  pairs,  at  pressures  from  atm  P le  qualitatively  on  the  basis  of  previous  ^owled|^ 

^Sali^i^as  well  as  the  ^ at  ^ 

— • — ns  to  reduce  disrupt,.  effects  .as 

identified  and  explained. 
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IN  SUPERCRITICAL  GASEOUS  ENVIRONMENTS 
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Osaka  Prefecture  University 
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INTRODUCTION 

The  operating  pressure  in  the  combustion  chamber  of  internal  combustion  engines  which  use 
liquid  fuel  spray  has  increased,  and  often  exceeded  the  thermodynamic  critical  pressure  of  the 
liquid  fuel  of  frequent  utilization  for  the  higher  thermal  efficiency  and  higher  rate  of  heat  release. 
In  such  conditions,  the  liquid  fuel  droplets  are  allowed  to  bum  in  the  gaseous  environments  of 
which  temperature  and  pressure  exceed  the  critical  conditions  of  the  liquid  fuel.  In  spite  of  the 
extensive  efforts  [1-8],  there  is  still  lack  of  knowledge  on  the  combustion  of  a fuel  droplet  in 
supercritical  gaseous  environments. 

This  has  caused  us  to  be  involved  in  a series  of  a research  program  designed  for  obtaining  the 
detailed  information  leading  to  the  deep  understanding  of  the  combustion  phenomena  of  fuel 
droplets  in  supercritical  gaseous  environments  under  microgravity.  The  first  phase  of  the 
experimental  study  [9]  has  been  done  on  the  combustion  of  a fuel  droplet  under  microgravity 
during  the  parabolic  flight  of  aircraft.  Photographic  observation  was  made  of  a fuel  droplet 
evaporating  inside  a luminous  sooting  flame  which  was  subjected  to  the  backward  irradiation  of 
an  intensive  laser  light.  This  resulted  in  the  determination  of  the  time  histories  of  the  droplet 
diameter  and  hence  the  burning  rate  constant.  Also  measured  were  the  ignition  delay,  the  burning 
life  time  and  the  flame  diameter. 

EXPERIMENTAL  PROCEDURE 

Figure  1 shows  the  schematic  diagram  of  the  experimental  apparatus  provided  in  the  present 
study.  It  consists  of  a high  pressure  combustion  chamber  in  which  a fuel  droplet  is  allowed  to 
bum,  a pressure  gauge,  a thermometer,  a temperature  controller,  a sequence  controller  which 
enables  the  automatic  operation  of  the  measurements  and  a high  speed  video  camera  which  is 
available  for  taking  an  image  of  the  luminous  envelope  flame  formed  around  a fuel  droplet.  The 
indications  of  the  pressure  gauge  and  the  thermometer  were  recorded  by  using  a video  camera 
aboard  the  capsule  of  which  signal  is  transmitted  to  a video  monitor  in  the  control  room. 

Figure  2 shows  the  cylindrical  high  pressure  combustion  chamber  made  of  duralumin  which 
has  the  dimension  of  the  inner  diameter  100  mm  and  the  inner  height  250  mm.  For  the  optical 
access,  two  pairs  of  circular  glass  windows  are  equipped  on  the  side  wall  of  the  combustion 
chamber.  The  upper  portion  of  the  combustion  chamber  is  occupied  by  an  electric  furnace  with 
quartz  glass  windows.  The  furnace  is  surrounded  by  a heat  insulator.  A thermocouple  is  available 
to  measure  and  to  control  the  temperature  of  the  gas  inside  the  furnace.  The  fuel  supply  system  is 
installed  below  the  furnace  inside  the  combustion  chamber.  Thin  aluminum  plates  are  inserted 
between  the  furnace  and  the  fuel  supply  system  for  shielding  the  thermal  radiation  from  the 
furnace.  This  kept  the  fuel  supply  system  near  the  room  temperature  during  the  experiments.  The 
cylindrical  fuel  supply  system  has  eight  cylindrical  holes  of  the  inner  diameter  10  mm.  Each  hole 
contains  a fine  quartz  fiber  supported  by  a metal  rod  and  a spring.  A fuel  droplet  is  suspended  at 
the  spheroidal  portion  of  the  tip  of  a quartz  fiber  of  the  diameter  125  pm.  The  fuel  tested  is 
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octadecanol  which  solidifies  at  33 1 K.  Its  critical  pressure  and  temperature  are  1 .4  MPa  and  747 
K,  respectively. 

As  the  microgravity  environment  is  attained  in  the  capsule  right  after  the  start  of  its  free  fall, 
an  electric  signal  is  generated  to  actuate  a stepping  motor  installed  outside  the  combustion 
chamber.  This  results  in  the  translation  of  a spindle  to  push  a metal  rod  up  inside  a small  hole  of 
the  fuel  supply  system.  A spherical  solid  fuel  at  the  tip  of  the  quartz  fiber  supported  by  the  metal 
rod  is  allowed  to  move  through  a small  hole  on  the  bottom  of  the  furnace  and  is  subjected  to  the 
high  temperature  gas.  This  causes  rapid  phase  change,  evaporation,  autoignition  and  combustion 
of  the  fuel  droplet.  As  the  spindle  is  pulled  down  after  the  end  of  burning  of  the  fuel  droplet,  the 
spring  pushes  the  metal  rod  down  and  lets  the  quartz  fiber  out  of  the  furnace.  This  is  followed  by 
rotation  of  the  fuel  supply  system.  A new  fuel  droplet  is  ready  for  the  measurement  in  the  next 
drop. 

The  experiments  were  done  under  microgravity  in  the  drop  shaft  at  the  Microgravity 
Laboratory  of  Japan  (MGLAB).  The  duration  and  the  level  of  microgravity  were  4.5  seconds 
and  less  than  10 5 G.  The  ambient  gas  consists  of  oxygen  and  carbon  dioxide.  The  ambient 
pressure  ranged  from  0.56  to  1.72  times  of  the  critical  pressure  of  the  fuel.  The  oxygen 
concentration  in  the  ambient  gas  was  varied  from  20%  to  40%.  The  ambient  temperature  and  the 
initial  droplet  diameter  were  kept  constant  at  870  K and  at  1.0  mm. 

RESULTS  AND  DISCUSSION 

Figure  3 shows  the  time  histories  of  the  diameter  of  the  visible  flame  formed  around  a fuel 
droplet  at  various  reduced  ambient  pressures  (ratio  of  the  ambient  pressure  to  the  critical  pressure 
of  the  fuel  tested).  The  oxygen  concentration  is  kept  constant  at  25%  in  carbon  dioxide  and 
oxygen  environment.  A thin  sheet  of  visible  flame  appears  around  the  fuel  droplet  at  the  onset  of 
autoignition  and  it  moves  away  from  the  droplet  surface  with  the  lapse  of  time. 

It  is  evident  that  the  flame  diameter  increases  fairly  rapidly  at  the  early  stage  of  the  burning 


Fuel  supply  system 


Fig.  1 Experimental  apparatus  Fig. 2 High  pressure  combustion  chamber 
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Fig.3  Time  histories  of  flame  diameter  at  Fig.4  Time  histories  of  flame  diameter  at 

various  ambient  pressures  various  oxygen  concentration 


Fig. 5 Ignition  delay  as  a function  of  ambient 
pressure 


Fig  6 Ignition  delay  as  a function  of  oxygen 
concentration 


and  its  growth  rate  decreases  gradually  with  the  lapse  of  time.  The  flame  diameter  right  after 
autoignition  is  smaller  in  the  reduced  ambient  pressure  of  1.47  than  1.12.  However,  higher 
ambient  pressure  causes  higher  rate  of  flame  growth  and  larger  flame  diameter  afterward.  This  is 
consistent  with  the  evidence  [9]  revealed  in  the  experiments  of  a fuel  droplet  burning  in  nitrogen 
and  oxygen  environment  under  microgravity  by  using  a parabolic  flight  of  aircraft. 

Figure  4 shows  the  time  histories  of  a flame  diameter  at  various  oxygen  concentrations  at 
ambient  pressure  of  1.47.  It  is  evident  that  higher  oxygen  concentration  in  the  ambient  gas  results 
in  higher  rate  of  flame  growth  and  larger  flame  diameter. 

Figure  5 shows  the  ignition  delay  as  a function  of  the  reduced  ambient  pressure  at  two 
different  oxygen  concentrations.  It  is  evident  that  the  ignition  delay  decreases  and  reaches  a 
minimum  at  reduced  ambient  pressure  approximately  unity.  Further  increase  in  the  ambient 
pressure  causes  the  increase  in  the  ignition  delay.  It  has  been  widely  recognized  that  the  inert 
ambient  gas  absorbed  in  the  liquid  fuel  modifies  the  thermodynamic  critical  conditions  of  pure 
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fuel.  It  has  been  predicted  that  the  critical  concentration  and  temperature  in  the  mixture  of  fuel 
and  ambient  gas  decrease  and  the  ignition  delay  increases  with  an  increase  in  the  ambient 
pressure  for  a spherical  symmetric  processes  of  droplet  combustion  in  supercritical  gaseous 
environments  [8].  It  has  also  been  reported  [9]  that  higher  ambient  pressure  in  supercritical 
region  causes  longer  ignition  delay  in  nitrogen  and  oxygen  environment. 

Figure  6 shows  the  ignition  delay  as  a function  of  the  oxygen  concentration  in  the  ambient  gas 
at  two  different  reduced  ambient  pressures.  The  ignition  delay  decreases  linearly  with  an  increase 
in  the  oxygen  concentration  in  the  logarithmic  diagram.  It  is  probable  that  the  higher 
concentration  of  oxygen  in  the  ambient  gas  enhances  the  rate  of  chemical  reaction  in  the  gaseous 
mixture  of  fuel  vapor  and  ambient  gas  formed  around  an  evaporating  fuel  droplet  during  the 
induction  period  prior  to  the  autoignition.  This  causes  short  ignition  delay  in  the  ambient  gas  at 
higher  oxygen  concentration. 

CONCLUSIONS 

An  experimental  study  was  performed  to  obtain  the  detailed  information  needed  for  the  deep 
understanding  of  the  combustion  phenomena  of  a fuel  droplet  in  supercritical  gaseous 
environments  under  microgravity  in  a drop  shaft. 

The  primary  conclusions  reached  in  the  present  study  are  as  follows. 

(1)  The  increase  in  the  ambient  pressure  causes  smaller  flame  diameter  at  the  onset  of 
autoignition  and  higher  rate  of  flame  growth  and  larger  flame  diameter  at  late  stage  of 
burning  in  supercritical  gaseous  environments. 

(2)  Flame  diameter  decreases  with  an  increase  in  the  oxygen  concentration  in  the  ambient 
gas. 

(3)  The  ignition  delay  shows  a minimum  at  ambient  pressure  near  the  critical  pressure  of  the 
fuel  tested. 

(4)  Higher  oxygen  concentration  in  the  ambient  gas  causes  shorter  ignition  delay. 
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INTRODUCTION  , 

The  researches  on  flame  spread  of  a droplet  array  are  useful  for  understanding  the 

fundamental  mechanism  of  spray  combustion.  However,  the  flame  size  of  a suspended  sing  e 
droplet  is  more  than  1 .0  mm  and  a spreading  flame  of  a fuel  droplet  array  is  much  larger  than  e 
single  droplet  flame,  so  that  natural  convection  extensively  affects  the  flame  spread  phenomenon 
especially  in  a high-pressure  environment.  In  this  study,  flame  spread  experiments  of  a n-decane 
droplet  array  were  conducted  over  the  wide  pressure  range  from  ordinary  pressure  to 
supercritical  pressures  of  the  fuel  in  microgravity  to  eliminate  the  natural  convectiom  Flame 
spread  rates  were  measured  by  OH  emission  images  recorded  by  an  intensified  high-speed  video. 
A high-speed  Schlieren  observations  were  also  conducted  and  flame  spread  characteristics 
around  the  critical  pressure  without  natural  convection  were  discussed. 

E^igi^^l  ^hmvs^ schematics  of  the  experimental  setup  [1].  In  total  fourteen  silica  fibers  are 
arranged  in  a high-pressure  chamber  and  fuel  droplets  are  suspended  at  the  end  of  the  fibers  using 
a micro  syringe  controlled  by  a personal  computer.  The  droplet  diameter  D,  is  1.0  mm  an 
droplet  spacing,  S,  and  the  ambient  pressure,  P,  were  varied.  The  fuel  used  is  n-decane  (n-  10  22, 
Tb=447  3 K Tc=617.6  K,  Pc=2.11  MPa,  where  Tb,  Tc,  and  Pc  are  boiling  temperature  critical 
temperature,’  and  critical  pressure,  respectively).  The  droplet  array  is  ignited  at  the  end  of  the 
array  by  an  electrically  heated  platinum  wire  and  the  flame  spread  is  observed  using  a high-speed 
video  (max.  600  fps)  with  an  image-intensifier  and  an  OH  band-pass  filter.  The  flame  sprea  ra  e 
is  determined  as  a gradient  of  a linearly  fitted  line  of  flame  spread  distance  and  time  taken  from 
the  OH  image  forefront.  Several  droplets  influenced  by  the  igniter  and  the  last  droplet  flame  with 
less  sm  were  omitted  from  the  calculation.  Microgravity 

using  the  4.5  sec  drop-shaft  facility  of  the  Japan  Microgravity  Laboratory  (MGLAB)  in  T , 
Japan. 

REpigure^2  fhovvs^ypic^OH  emission  images  of  spreading  flames  for  the  droplet  spacing  of  2.0 
at  various  pressures  At  pressures  close  to  the  ordinaiy  pressure,  the  flame  spreads  continuously 
and  has  a smooth  OH  emission  region  (Fig.2a).  However,  with  the  increase  in  pressure £ ^ 
spread  gradually  becomes  intermittent  (Fig.2b).  Around  the  critical  pressure  or  over  the  cnt  ca 
pressure,  the  OH  emission  region  is  corrugated  and  the  flame  spread  becomes  quite  intermitte 
(Fig.2c)  In  this  case,  the  global  shape  of  spreading  flame  tends  to  be  zigzag.  <. 

( Figure  3 shows  variations  of  flame  spread  rate  with  pressures  for  3 kinds  of  spacing  (i.e.^.5 
mm,  2.0  mm,  and  3.0  mm).  The  data  in  normal  gravity  are  also  shown  for  comparison.  In  norm 
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gravity,  the  flame  spread  rate  decreases  quickly  with  increase  in  pressure  and  there  exists  a limit 
ambient  pressure  above  which  the  flame  does  not  spread  anymore.  Flame  spread  does  not  occur 
over  the  critical  pressure.  This  is  because  natural  convection  induces  a strong  upward  flow  of 

burned  gas,  decreasing  the  flame  diameter  and  weakening  lateral  heat  transfer  to  the  unbumed 
droplet. 

In  contrast  to  this,  as  shown  in  Fig.3,  flame  spread  occurs  even  at  5.0  MPa  for  every  spacing 
in  microgravity,  which  is  the  maximum  pressure  of  this  experiment.  The  flame  spread  rate 
decreases  with  pressure  then  increases  after  having  a minimum  value  at  about  1.0  MPa.  The 
spread  rate  has  a maximum  near  the  critical  pressure  (2.1 1 MPa)  and  then  decreases  again  with 
pressure.  These  characteristics  are  common  to  every  spacing,  but  the  pressure  at  which  the  spread 
rate  has  a maximum  for  small  spacing  is  a little  larger  than  that  for  large  spacing. 

It  is  reasonable  to  assume  that  the  flame  spread  time,  which  is  inversely  proportional  to  the 
flame  spread  rate,  is  determined  by  competition  between  the  transfer  time  of  flame  zone  (i.e.,  the 
outer  edge  of  high-temperature  region)  and  the  ignition  time  of  a fuel  droplet.  The  transfer  time 
of  flame  zone  is  smaller  for  larger  flame  diameter.  For  a single  droplet,  it  is  known  that  flame 
diameter  decreases  monotonously  with  the  ambient  pressure  [2,3],  meaning  that  transfer  time  of 
flame  zone  increases  and  the  flame  spread  rate  decreases  with  pressure  in  the  low  pressure  region. 
It  is  also  known  that  the  ignition  time  mainly  consists  of  the  time  of  fuel  evaporations  in  the  case 
of  less  volatile  fuels  like  n-decane  [4,5].  As  for  the  droplet  evaporation,  the  evaporation  constant 
increases  with  ambient  pressure  and  has  a maximum  around  the  critical  pressure  [6],  so  that  the 
ignition  time  decreases  with  pressure.  This  is  basically  because  the  latent  heat  can  reach  to  zero 
at  the  critical  pressure.  Therefore  the  time  for  evaporation  decreases  and  the  flame  spread  rate 
increases  again  when  the  pressure  approaches  the  critical  pressure. 

However,  we  should  consider  the  difference  in  the  heating  process  between  the  flame  spread 
and  droplet  ignition  in  a heated  furnace.  The  major  heating  process  of  the  former  is  through  the 
approaching  of  the  flame  zone  to  the  unbumed  droplet  but  that  of  the  latter  is  uniform  heating  of 
the  unbumed  droplet  through  radiation  and  conduction  in  the  furnace.  Because  the  diffusion 
coefficient  and  thermal  diffusivity  are  inversely  proportional  to  the  pressure,  the  approaching  of 
the  flame  zone  becomes  difficult  unless  any  mechanism  of  flame  zone  transfer  when  the  pressure 
increases  very  much. 

As  mentioned  above,  the  flame  spread  is  veiy  intermittent  and  the  flame  shape  is  irregular 
near  the  critical  pressure.  From  the  observation  of  flame  spread  using  a color  CCD  video  camera, 
images  like  small  clouds  were  found  at  the  forefront  of  the  spreading  flame  at  high-pressure.  In 
order  to  know  what  they  are  and  how  the  irregularity  of  the  flame  spread  is  caused,  high-speed 
Schlieren  observations  were  performed  in  microgravity. 

Figure  4 shows  time  history  of  Schlieren  images.  We  can  see  that,  as  the  flame  zone 
approaches  the  unbumed  droplet,  evaporated  fuel  gas  is  issued  from  the  unbumed  droplet  to  the 
other  side  of  the  flame  zone  and  form  a vortex  ring  like  structure.  The  flame  often  propagated 
though  the  issued  fuel  gas.  Because  issued  fuel  gas  is  not  always  axisymmetric  to  the  array  axis, 
the  spreading  flame  is  not  axisymmetric.  Consequently,  the  flame  spread  becomes  irregularly 
intermittent  and  zigzag  as  shown  in  Fig.2c.  We  can  say  that  this  phenomenon  plays  an  important 
role  in  increasing  the  flame  spread  rate  around  the  critical  pressure,  as  shown  in  Fig.3,  because 
the  flame  can  propagate  though  the  issued  fuel  gas  between  the  droplets.  This  decreases  the 
transfer  time  of  flame  zone  to  the  unbumed  droplet  and  increases  the  flame  spread  rate. 

To  clarify  possible  mechanism  of  the  generation  of  fuel  gas  flow  from  an  unbumed  droplet, 
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„e  have  observed  droplet  motions  and  flows  around  the  droplet  near  the  cnt.cal  pressure 
nreciTelv  ta  normal  gravity.  As  a result,  it  was  found  that,  when  the  flame  zone  reaches  the 
unbumed  droplet,  the  surface  of  the  unbumed  droplet  on  the  other  side  of  the  approaching  flame 
sticks  out  andP  pushes  the  evaporated  fuel  gas  layer  quickly,  forming  the  vortex  ring  structure  of 
t evapormed 7uel  gas  and  mis,.  The  velocity  of  the  sticking  ou,  is  around  17  cm  s and  wa 
equivalent  to  the  velocity  of  the  issued  fuel  gas  shown  in  Fig.4.  It  is  presumed  that  this  sticking 
out  of  the  droplet  surface  is  caused  by  ill-balanced  surface  tension  between  the  heated  side  by  the 
flame  fnd  the  opposite  side  near  the  room  temperature  because  (he  surface  tension  becomes  zero 
when  the  surface  of  droplet  is  inhomogeneously  heated  and  a part  of  the  droplet  surface  beco 
do  e o he supercritical  condition.  Preliminary  estimation  of  the  slicking  out  velocity  based  on 
'he  ill  balanced  surface  tension  was  45  em/s  and  the  order  of  magmtude  was  agreed  w„h  the 

experimental  results. 

COZogravhyGe^ £rimeTon  flame  spread  of  a n-decane  droplet  array  over  the  wide  range  of 
nressure  were  performed.  It  was  found  that  flame  spread  rate  has  a minimum  at  about  1.0  MPa 
and  a maximum  around  the  critical  pressure  (2.11  MPa).  The  fuel  gas  issued  from  the  unbumed 
dt™observed  a.  supercritical  pressure.  This  fuel  gas  flow  plays  an  important  role  m 
increasing  the  flame  spread  rate  around  the  critical  pressure. 

ACThe  mithors ^wuhl" hke^o  express  thanks  to  Prof.  K.Maruta,  Mr.  S.Kato,  and  Mr.  S.Hasegavva 

for  their  assistance  of  experiments  and  helpful  discussions^  Fo'rum 
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Fig.l.  Schematics  of  the  experimental 
setup. 
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(a)  . (b)  (c) 

Fig. 2.  OH  emission  images  of  spreading  flame  at  various  pressures:  (a)  0.5  MPa' 
(b)  1 .5  MPa;  (c)  2.5  MPa  (S=2.0  mm). 
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Fig.3.  Variation  of  flame  spread  rate  with 
pressure:(a)  S=1.5  mm;  (b)  S=2.0  mm;  (c) 
S=3.0  mm. 


Fig.4.  High-speed  Schlieren  images  of 
spreading  flame  (P=3.0  MPa,  S=3.0  mm). 
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Introduction 

A Franco-Japanese  cooperative  research  program  on  microgravity  combustion  has  been 
initiated  since  1996;  part  of  this  program  is  devoted  to  understand  the  combustion  processes  of 
droplets  under  high  pressure  conditions.  Methanol  is  con^dere  tobcone 
promising  candidates  as  alternative  fuel  for  several  applications.  Also,  the  operating  p warns* 
the  combustion  chamber  of  liquid  fueled  internal  combustion  engmes  are  increasmg  for  hg 
thermal  efficiency  Liquid  fuel  droplets  bum  therefore  in  high  pressure  gaseous  environments  an 
£er presstne  often  exceeds  the  critical  pressure  of  the  fuel.  A review  of  the  literature 
indicates  that  the  combustion  characteristics  of  fuel  droplets  burning  m high-pressure  gaseous 

largely  unexp.ored  [.],  For  example  i.  was  fourto 
micro  gravity  conditions  [2,  3]  and  theoretically  [4,  5]  that  the  burning  rate  of  various  fuels  shows 
S i the  critical  pressure.  However,  the  bumtog  rates  obtamed  m a recent 
experiment  under  microgravity  conditions  did  not  show  a peak  around  the  critical  pressure  |.6j- 
The  difficulty  in  the  experiments  on  droplet  combustion  arises  from  the  combustion  generated 
Lovarn  flow  to  normal  gravity,  which  is  enhanced  to  high-pressure  gaseous  envtronments.  The 
rZS  surface  tension  of  the  droplet  burning  to  high-pressure  gaseous  envuonments  does  not 
allow  the  use  of  the  well-known  suspended  droplet  technique  to  normal  gravity.  icrogravi  y 
conditions  ^ffer  therefore  the  opportunity  to  perform  droplet  combust.on  ex^nts  m 

. frnm  the  pffect  of  gravity  induced  natural  convection.  1 he  primary  oojeciive 
ofour  study  is  to  obtain  the  detailed  information  needed  for  the  understanding  of  the  combustion 
process  of  a single  methanol  droplet  in  high-pressure  gaseous  environments  The  present  p p 
describes  recent  results  on  the  combustion  of  a methanol  droplet  under  variable  ambient  pressures 
and  gravitational  accelerations.  The  experiments  were  conducted  under  normal  gravity,  and  un  er 
^ogravhy  with  the  use  of  the  parabolic  flights  of  the  CNES  A300  airplane  in  France  and  the 

drop  shaft  at  JAMIC  in  Japan. 
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Experimental  apparatus  and  procedure 

Different  experimental  facilities  are  used  in  Japan  and  in  France.  The  global  concept  of  the 

nP^aTu  15  n famC’  however‘  The  two  different  apparatus  have  been  fully  described  previously 
17  8],  The  well-known  suspended  droplet  technique  is  adopted.  A methanol  droplet  is  suspended 
at  the  center  of  a high-pressure  combustion  chamber  and  is  ignited  with  an  electrically  heated 
kanthal  coil.  The  mitial  diameters  of  the  droplet  d,  range  from  1 to  2 mm.  The  test  chamber  is 
filled  with  dried  air  at  298  K.  Experiments  are  conducted  in  normal  gravity,  and  microgravity 
with  the  use  of  the  parabolic  flights  of  the  CNES  A300  airplane  (where  the  gravitational 
acceleration  is  of  the  order  of  10  go)  m France  and  the  drop  shaft  at  JAM1C  (where  the 
gravitational  acceleration  is  of  the  order  of  Iff4  g0)  in  Japan.  The  backlighted  images  of  the 
droplet  is  recorded  on  a high-speed  video  camera  (500  fps).  The  droplet  surface  area  is  measured 
by  using  image  processing.  The  droplet  diameter  d is  defined  as  the  diameter  of  the  sphere  that 
has  the  same  surface  area.  The  obtained  time  histories  of  the  squared  droplet  diameter  are  used  to 
determine  the  droplet  burning  rate.  Degassed  and  dehydrated  methanol  is  used  in  all  experiments. 

I he  critical  pressure  (Pc r)  and  the  critical  temperature  of  methanol  are  8 09  MPa  and  513K 
respectively. 


Results  and  discussion 


Normal  Gravity 

The  time  variation  of  the  burning  methanol  droplet  diameter  d is  determined  from  backlighted 
images.  Figure  1 shows  the  time  histories  of  the  squared  droplet  diameter  at  different  ambient 
pressures.  The  abscissa  is  the  time  after  ignition  divided  by  the  square  of  the  initial  droplet 
diameter  4.  The  ordinate  is  the  square  of  the  instantaneous  diameter  normalized  by  the  square  of 
the  initial  drop  et  diameter.  It  is  evident  that  the  squared  droplet  diameter  decreases  quasi-linearly 
with  tune  at  all  the  ambient  pressures;  the  dr  law  is  therefore  valid  for  methanol  droplet  burning 
m high  pressure  air  under  normal  gravity  conditions.  The  slope  of  the  fitted  straight  line  to  the 
data,  i.e.,  the  burning  rate  constant  Kb  = -d(^)/dt  increases  with  increasing  ambient  pressure. 


Figure  1 : Time  histories  of  the  squared 
droplet  diameter  under  normal  gravity. 


Figure  2:  Time  histories  of  the  squared 
droplet  diameter  under  microgravity. 
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"omb^ustion  experiments  of  methanol  droplets  on  board  the  CNES  A300  airplane  were 
carried  out  at  ambient  pressures  up  to  11.1  MPa.  Weak  natural  convection  remains  around  the 
burning  droplet  at  high  ambient  pressures.  The  droplet  surface  appears  to  be  smooth  even  at  1U 
MPa,  which  is  higher  than  the  critical  pressure  of  methanol.  This  indicates  that  the  dropl^  has  not 
reached  its  critical  state.  In  the  combustion  experiments  of  methanol  droplets  in  the  JAMI  P 
shaft,  the  ambient  pressure  was  increased  up  to  14.0  MPa;  at  these  hig  est  pressures,  e rop 
image  became  blurred  and  the  determination  of  the  droplet  diameter  more  difficu  . g 
shows  the  time  histories  of  the  squared  droplet  diameter  under  microgravity  m the  drop  shaft. 
Lie  pa^aSic  flight  experiments,  the  S law  is  valid  and  the  slope  of  the  fitted  straight  line  to 

the  data  increases  with  an  increase  in  the  ambient  pressure. 

Figure  3 shows  the  dependence  of  the  burning  rate  on  the  ambient  pressure  in  normal  gravity  and 
in8microgravity.  The  abscissa  is  the  ambient  pressure  Pa  normalized  by  the  critical  pressure  of 
methanol  P The  normal  gravity  curves  show  a good  agreement  between  resuts  o aine  in 
CcTl  m Japan  bTustag  different  facilities.  It  is  evident  that  the  burning  rate  mcreases 
monotonically  with  the  ambient  pressure  up  to  1.25  times  the  critical  pressure  of  methanol  T1“ 
two  other  curves  show  the  dependence  of  the  burning  rate  on  the  ambient  pressure  in 
microgravity.  The  results  obtained  during  the  parabolic  flights  indicate  that  the  burning  r 
constant  increases  monotonically  with  the  ambient  pressure  up  to  1.4  times  the  critical  Pressure  of 
methanol  We  can  observe  for  all  these  experiments,  that  the  burning  rate  is  unlikely  to  show  a 
peak  near  the  ambient  pressure  equal  to  the  critical  pressure  of  methanol.  It  is  in  fact  likely  that 
the  aid  critical  presire  of  the  methanol  droplet  exceeds  that  of  pure  methanol  due  to 
absorption  of  inert  gases  into  the  droplet.  It  can  be  noted  however  that  the  dependence  of  the 
burning  rate  constant  on  the  ambient  pressure  becomes  weaker  with  increasing  ambient  pressure 
above  die  critical  pressure.  The  burning  rates  derived  from  the  drop  shaft  experiments  increase 
monotonically  with  the  ambient  pressure  up  to  0.6  times  the  critical  pressure.  At  each  pressure, 
Z burning  rite  constant  of  methanol  droplets  obtained  in  drop  shaft  experiments  are  lower  than 
those  obtained  in  parabolic  flight  experiments. 


Figure  3 : Dependence  of  the  burning  rate 
constant  on  ambient  pressure 


Gravitational  acceleration  g / gQ 

Figure  4 : Estimation  of  the  dependence  of 
the  burning  rate  versus  pressure  for 
different  gravitational  acceleration. 
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The  data  on  methanol  droplet  burning  rate  constant  vs.  ambient  pressure  are  fitted  with  curves  as 
shown  m Figure  3,  and  the  burning  rate  constants  at  eight  arbitrary  pressures  are  estimated  for 
normal  gravity  and  the  two  microgravity  conditions.  The  estimated  burning  rate  constants  at  each 
ambient  pressure  are  plotted  against  gravitational  acceleration  in  Figure  4.  The  burning  rate 
constant  increases  with  an  increase  in  gravitational  acceleration  as  expected.  The  increase  in 
gravitational  acceleration  enhances  the  influence  of  the  combustion  generated  natural  convection, 
resulting  in  the  increasing  burning  rate  constant,  especially  for  the  highest  pressures.  When  all  the 
experimental  data  for  the  burning  rate  constant,  for  all  pressures  and  gravitational  accelerations, 
are  plotted  versus  the  Grashof  number  estimated  for  each  experiment,  a power  lower  in  the  form 
of  Kb  Gr  25  is  obtained  as  in  Ref.  6. 

Conclusions 

An  experimental  study  was  carried  out  on  the  burning  of  methanol  droplets  in  high-pressure  air 
under  microgravity  conditions  by  using  the  parabolic  flights  of  an  airplane  and  a drop  shaft,  and 
under  normal  gravity.  The  primary  conclusions  reached  in  the  present  study  are  as  follows. 

1 The  <r  law  is  valid  for  different  ambient  pressures  and  gravitational  accelerations  within  the 
range  of  experimental  conditions  of  the  present  study. 

2.  The  burning  rate  constant  increases  monotonically  with  the  ambient  pressure  up  to  1.4  times 
the  critical  pressure  of  methanol. 

3.  In  reduced  gravity,  dependence  of  the  burning  rate  constant  on  the  ambient  pressure  becomes 
weak  above  the  critical  pressure. 

4.  The  burning  rate  constant  decreases  with  a decrease  in  gravitational  acceleration. 

5.  The  variation  of  the  burning  rate  constant  as  G?  25  is  confirmed  for  the  first  time  by  varying 
the  Grashof  number  both  by  varying  thegravitaional  accelaration  and  the  ambient  pressure. 
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INTRODUCTION 

For  flames  spreading  into  a low-velocity  flow  that  can  only  be  obtained  in  microgravity,  we 
have  observed  behavior  that  is  different  from  that  which  is  obtained  at  higher  velocities  where 
radiative  effects  are  unimportant  and  species  transport  is  relatively  fast.  Unfortunately,  lack  of  a 
large  body  of  low-gravity  flame  spread  experimental  data  inhibits  progress  in  developing  an 
understanding  of  the  physics  of  low-velocity,  opposed-flow  flame  spread  phenomena.  Recent 
DARTFire  sounding  rocket  experimental  studies  though,  coupled  with  developing  theory  and 
modelling,  have  allowed  some  strides  in  understanding  to  be  made,  on  which  we  report  here. 

Four  launches  to  date  have  resulted  in  six  experiments  for  opposed-flow  flame  spread  over  a 
thick  PMMA  sample.  During  the  6 min  microgravity  period,  the  PMMA  samples  were  ignited, 
and  steady  flame  spread  was  studied  under  varied  flow  velocity,  oxidizer  atmospheric  conditions, 
and,  because  radiative  heat  transfer  is  so  important  in  these  slowly  spreading  flames,  external 
radiant  flux.  These  were  the  first  attempts  at  such  experimental  control  and  measurement  in 
microgravity. 

A recent  reflight  of  the  Solid  Surface  Combustion  Experiment  (SSCE)  has  demonstrated,  as 
modelling  predicts,  that  for  the  thick  fuel  of  the  DARTFire  experiment,  flame  spread  in  a 
quiescent  environment  is  a transient  process  evolving  from  ignition  to  extinction  on  the  order  of 
600  s (Altenkirch  et  al.,  1999).  Further  study  then  of  the  effects  of  radiation  in  the  very 
low- velocity  opposing  flows  is  of  interest  in  understanding  the  transition  from  steady,  sustained 
spread  to  the  unsteady  evolution  to  extinction  as  the  opposing  flow  is  reduced  further  and 
eventually  removed. 

EXPERIMENTAL 

DARTFire  sounding  rocket  hardware  is  shown  in  Fig.  1.  Two  experiments  are  conducted 
simultaneously  during  the  6-min  experiment  in  mirror  twin  flow  tunnels  that  support  from  1-20 
cm/s  flow  through  each  10  cm  x 10  cm  tunnel.  Black  PMMA  samples,  2 cm  long  x 2 cm  thick  x 
0.635  cm  wide,  are  mounted  in  the  floor  of  the  duct  4 cm  from  the  inlet  flow  straighteners. 

A laser  diode  and  associated  lenses  provide  a uniform  external  radiant  flux  of  up  to  2 W/cm 
onto  one  of  the  sample  surfaces.  The  controlled  external  radiant  flux,  which  is  turned  on  with  the 
ignitor,  turned  off  when  the  flame  has  spread  half  the  length  of  the  sample,  turned  on  again  when 
the  flame  has  reached  the  end  of  the  sample,  and  then  later  tuned  off  at  around  6 min,  allows  the 
surface  energy  balance  to  be  adjusted  to  compensate  for  radiant  loss  from  the  surface  and  gaseous 
species. 

A multispectral  intensified  array  video  camera  with  a resolution  of  0.1  mm  is  used  to  image  the 
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flame.  Color  images  are  obtained  by  combining  red,  green,  and  blue  filtered  images  to  obtain  a 24- 
bit  color  composite  image.  The  chemiluminescence  of  OH  and  CH  radicals  in  the  reaction  zone  is 
imaged  through  20  nm  bandwidth  OH  and  CH  filters  at  3 10  nm  and  430  nm. 


Fig.  1 DARTFire  Hardware 


Infrared  emissions  from  the  gaseous  combustion  products  are  also  recorded.  A multispectral 
PtSi  detector  camera  (Inframetrics,  Inc.  Model  Infra-Cam  PtSi  FPA  (256x256  pixel  array))  was 
modified  to  include  a 6-filter  internal  wheel.  Filters  include  1.87  pm  (H20),  2.7  and  4.3  pm 
(C02),  3.4  pm  (MMA  vapor),  4.8  pm  (CO),  and  soot  at  1.6  pm. 

The  test  matrix  consists  50%  02,  1,  5,  and  10  cm/s  with  no  irradiation,  50%  02  at  1 cm/s  with 
1 and  2 W/cm2  irradiation,  and  70%  02  at  1 cm/s  with  no  irradiation. 

MODELLING 

The  spreading  flame  is  modelled  by  solving  the  unsteady,  two-dimensional  forms  of  the 
continuity,  momentum,  species  and  energy  equations  in  the  gas  for  a single-step  Arrhenius 
reaction  and  the  unsteady  energy  equation  in  the  solid  that  incorporates  finite-rate  surface 
pyrolysis  (Altenkirch  et  al. , 1 999).  Surface  reradiation  and  gas-phase  radiation,  both  the  loss  to 
the  environment  and  feedback  to  the  surface  are  included  (Bhattacharjee  and  Altenkirch,  1991). 

INFRARED  IMAGING 

Infrared  emission  from  the  flame  imaged  as  described  above  has  been  used  to  determine  flame 
temperature  and  C02  distributions  using  a hybrid,  two-color  emission  pyrometry  scheme  in  which 
the  ratio  of  the  measured  intensities  is  expressed  as  the  product  of  the  ratio  of  the  Planck 
functions  and  the  equivalent  bandwidth  ratio,  Ar  (Bhattacharjee  et  al.,  1 999).  For  suitable  band 
pairs  and  their  bandwidths,  the  equivalent  Ar  is  approximately  constant,  which  can  be 
approximated  from  modelling  results. 

Temperatures  extracted  from  the  IR  images  with  this  hybrid  approach  tend  to  be  lower  than 
what  is  expected  from  simulation  due,  most  likely,  to  the  fact  that  the  image  in  the  hottest  part  of 
the  flame  is  saturated,  and,  in  application  of  the  technique,  uniform  properties  along  the  line  of 
sight  across  the  width  of  the  sample  are  employed.  The  extracted  C02  field  in  the  outer,  cooler 
reaches  of  the  flame  agrees  qualitatively  with  the  simulated  field  (King  et  al.,  1999). 
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UV- VISIBLE  IMAGING 

An  example  of  OHchemiluminescence  in  the  reaction  zone  is  shown  in  Fig.  2.  The  dark  notch 
in  the  flame  is  a shadow  of  a thermocouple  post. 

FLOW  EFFECTS  ON  SPREAD  RATE 

Fig.  3 shows  the  flame  spread  rate  as  a 
function  of  flow  for  the  experiments  without 
imposed  radiation  compared  to  higher  flow 
data  obtained  on  earth  (Femandez-Pello  et 
al.,  1981).  Flame  spread  rates  show  an 
approximate  power  law  dependencies  on 
flow  with  an  exponent  of  about  0.5  down  to 
about  5 cm/s.  The  earth-bound  data  are  for 
fully  developed  flow  in  a channel,  whereas 
the  DARTFire  data  are  for  developing  flow 
in  a channel,  approximating  a boundary  layer 
flow,  so  the  power  law  dependence  on  flow 
for  the  earth  bound  and  DARTFire  data  are 
not  identical. 

The  model  results  match  well  with 
experimental  results  down  to  about  5 cm/s, 
at  which  point  the  model  predicts  a faster 
decrease  in  spread  rate  than  experiment  as 
radiation  comes  in  to  play.  Eventually  as  the 
opposing  flow  in  flame  fixed  coordinates 
approaches  zero,  the  spread  process 
becomes  unsteady,  and  flame  evolution  from 
ignition  leads  to  extinction  (Altenkirch  et  al., 
1999). 

EXTERNAL  RADIANT  FLUX 

The  laser  flux  levels  were  selected  in  this  experiment  to  offset  roughly  the  surface  radiative  loss 
at  1 W/cm2,  and  roughly  offset  the  surface  plus  flame  radiative  loss  in  the  2W/cm2  case. 
Surprisingly,  the  spread  rate  from  the  no  flux  case,  plotted  above  in  Fig.  3,  and  for  the  1 W/cm2 
flux  case  with  the  laser  on,  were  the  same,  which  might  not  be  expected  because  the  added  energy 
input  from  the  laser  would  be  thought  to  increase  the  spread  rate,  which  is  the  case  for  2 W/cm2. 
When  the  laser  was  deactivated,  the  flame  slowed,  to  well  below  the  no  flux  case,  which  indicates 
that  the  flame  was  weakened  considerably  by  the  sudden  removal  of  the  heat  flux.  Whether  the 
no-flux  and  1 W/cm2  flux  case  results  are  experimentally  consistent  is  unclear;  modelling  predicts 
an  increase  in  spread  rate  for  the  laser  on  contrary  to  experiment. 

For  the  no  flux  case,  the  flame  standoff  reaches  a steady  value  of  about  0.6  mm.  It  takes  40  s 
to  reach  this  value,  but  then  it  is  steady  within  the  error  of  the  measurement  for  the  rest  of  the 
spread.  For  the  1 W/cm2  case,  the  flame  standoff  distance  is  just  under  0.9  mm  during  irradiation. 


Fig,  2 OH  Chemiluminescence 


DARTFire  Flame  Spread  Results 

Plnui  PfforU 


Fig.  3 Spread  Rates 
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The  flame  moves  out  to  about  1 .05  mm  after  the  laser  shuts  off.  It  stays  there  for  about  20  s 
before  moving  back  in.  The  standoff  distance  approaches  the  0.6  mm  of  the  no  flux  case  when 
the  laser  turns  back  on.  The  flame  moves  out  again  after  a lag  of  about  10  s. 

To  interpret  the  laser  effects  fully,  it  is  important  to  take  into  consideration  the  conduction- 
radiation  balance  at  the  fuel  surface.  Using  the  thermocouple  data,  conductive  flux  to  the  surface 
was  estimated  in  each  case.  The  absorbed  flux  from  the  laser,  estimated  by  assuming  an 
emissivity  of  0.8  based  on  radiometer  and  surface  thermocouple  data  for  an  experiment  with  flux 
only  (no  flame),  is  then  added  to  that  to  determine  the  total  flux  from  the  gas  to  the  surface  in 
each  case 

The  flame  spread  process  appears  to  be  approximately  linearly  dependent  on  the  net  heat  flux 
from  the  flame  to  the  surface.  The  laser  flux  is  part  of  that,  but  because  the  flame  responds  to  the 
laser  by  moving  the  flame  away  from  the  surface,  the  effect  of  the  laser  is  muted. 

CONCLUSIONS 

The  DARTFire  sounding  rocket  hardware  has  provided  new  information  on  opposed  flow 
flame  spread  over  thermal ly-thick  solids  using  multispectral  visible  and  infrared  imaging  systems. 
The  effect  of  flow  velocity  on  flame  spread  over  the  1-15  cm/s  range  extends  data  previously 
reported  at  high  opposing  flows  almost  two  decades  lower  in  flow.  Stable  flames  are  found  down 
to  1 cm/s  flow,  even  though  previous  experiments  have  shown  that  quiescent  conditions  are  not 
flammable  (Altenkirch  et  al 1999).  This  demonstrates  that  even  a flow  on  the  order  of  diffusive 
velocities  (0-2  cm/s)  is  sufficient  to  sustain  combustion  where  in  a perfectly  quiescent 
environment,  the  flame  would  not  be  viable.  Laser  effects  are  unexpectedly  complex  and  muted. 
The  flame  moves  away  from  the  surface  with  increased  radiant  flux,  thereby  reducing  the 
conductive  feedback  from  the  flame  to  the  surface. 
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future  work 

Currently  test,  rue  being  conducted*, 

failure  aboard  the  last  sounding  roc  e g ’ . | found  differences  between  model  and 

If  spread  are  still  being  investigated;  the  follow, ng  table 
SsTartoSean!  that  achieve  transitions  in  flame  spread  character. 


Predicted  and  shown  by  experiments 
Predicted  that  increases  in  pool  depth 
can  cause  this  transition;  not  yet 

examined  in  expts. 

Predicted;  no  direct  test,  however, 
enhanced  lateral  gas  expansion  was 
not  seen  in  |ig  experiments 
Predicted  not  to  occur  at  any  g level; 
not  yet  examined  in  lg  expts. 
Pulsating  spread  not  yet  observed  in 
expts  done  to  date. 

Predicted  not  to  occur,  but  observed 
in  pg  experiments  with  forced  airflow 


Reduced  Lateral  Gas  Expansion 


Lower  Oxygen  Concentration 


Reduced  Gravity 


Predicted  and  shown  by  expts  in  lg; 
predicted  and  shown  by  expts  to  go  from 
Uniform  ^Extinction  in  quiescent  pg- 


KaQiauve  ncai  eujj i — 

Radiative  heat  loss  has  been  be  predicted 

In  fl^me^e^d'across  liquid  fuels.  It  is ^known  from  our £fs  in  the 
weaker  than  in  lg,  perhaps  due  to  radiative  heat  loss. J* S’asts  observed  in  pg  while  retaining  the 
puU^Kcter  of  s'SSSnd  r„Tg.0Ex^rimenK  to  validate  Oris  idea  are  being  developed. 
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Figure  1.  A reflected  grid  shows  the  surface  deformation  as  a flame 
prea  s across  a 2 mm  deep,  80  mm  wide  pool  of  1-butanolin 

aZT ml [etrdiiiT  ^ "ame  iS  $preading  ri8ht  to  left  a"<  is 
_£?“  !f  °f  'he  Way  from  ,he  r'gh«  side.  The  bright  line  on  the 

a side  ^ 'S  l8m,0r'  7110  8rid  SqU3reS  arC  aPProx'rnately  I cm  on 


Figure  2 Top  view  of  flame  spread  across  an  80  mm  wide  bv  2 
mm  deep  pool  of  1-butanol,  a)  lg.  Smoke  lines  (red)  indicate 
flow  direction  one  1 mm  above  surface  30  cm/s  left  to  right 
b)  pg.  Flame  is  more  erratic  in  shape,  direction,  and 

brightness.  Spread  is  again  right  to  left  against  a 30  cm/s 
now. 


16  -T- 


Time  (s) 


Figure  3.  Flame  position  vs.  time  along  the  centerline  of  2 mm  deep 
80mm  wide  trays  in  lg  and  pg.  Both  have  opposed  air  flows  of  30 
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FLAME  SPREAD  ACROSS  LIQUIDS:  NUMERICAL  MODELLING 

Inchul  Kim,  Huaidong  Li,  and  William  A^Sirignano 

Department  of  Mechanical  and  Aerospace  Engineer,  g, 

University  of  California,  Irvine,  Irvine,  CA  926V/ 

.NTRODUCTION  The  goals  of  of  H- 

spread  over  liquid  fuel  pools  to  gui  e a insieht  for  the  flame  spread  phenomenon.  The 

Ross  and  F.  Miller  and  to  provide  ™ ^metric,  and  3-D  codes 

approach  has  involved  the  development  d P for  multiCOmponent  reacting 

for  the  unsteady  two-phase  flow.  The  gas-phase  moaei 

flow.  Thermocapillary  and  gravity  flows  are ?inc  u comparisons  Df  the  model  with  existing 
During  the  past  year  we  c°ncentra  * ^ model  and  t0  establish,  to  the  extent 

axisymmetric  expenmenta  data  in  ord  be  used  for  n-propanol  and  n-butanol.  We 

possible,  the  appropriate  global  chemical  k with  and  without  forced, 

also  examined  the  effect  of  liquid  fuel  depth  on  1 planar  1 ^ The  depth  of  a liquid  fuel 
opposed  airflow  in  order  to  support  the  soun  l g ^ Z fud  surface  temperature  ahead 

been  developed  andis  being  benchmarked:  it  will  be 
fjS  ,o  explain  the  effeets  of  fuel  pool  width  and  vanous  edge  effects. 

VALIDATION  OF  AXISYMMETRIC 

c“tlon  for  °-g' as  we" 

as  1 -go  without  forced  gas-phase  flow. 

Flame  spread  is  uniform  for  oxygen 
concentration  > 21%  in  normal  and  zero 
gravities  at  21°  C.  As  the  concentration 
increases,  the  reaction  rate  and  hence  the 
flame  spread  increases.  As  the  concentration 
is  reduced  to  17.5%,  flame  spread  at  1 -go 
becomes  pulsating;  on  the  other  hand,  the 
flame  at  0 -g0  extinguishes.  The  rate  of  flame 


CASE 

21% 

1-g 

~Oi 

0-g 

17.5%  O: 
1-g 

H 

o-g  | 

Present  Result 

14  cm/s 

16  cm/s 

3.8  cm/s  (3  5 Hz) 

extinction 

Experiment  by 

1 Ross  & Sotos  (1990) 

15  cm/s 

15  cm/s 

j^Tcm/s  (3.9  Hz) 

extinction 

Table  1 Comparison  of  the  mean  flame  spread  rate 
between  present  and  experimental  results 

spread  and  the  frequency  of  pulsation  are  in  good  agreement  with  the  results  from  the 

experimental  study  by  Ross  and  Sotos  (1990)  in  Table  1. 

__  .mad  n amf  SPREAD  This  computational  study  examines  the 
DEPTH  EFFECT  IN  PLANAR  FLAME  ■ - is  wdh  and  without  forced, 

effect  of  liquid  fuel  depth  on  flame  sprea  below  its  cfosed-cup  flash  point  temperature 

opposed  air  flow.  The  initial  poo t d3*f ici ently  to  create  a combustible  mixture  of  fuel  vapor 
Tm  so  the  liquid  fuel  must  be  heated  su  J Qre  in  order  for  the  flame  to  spread,  an 

ap^oximt^rul^is  ti^thTlfquid^el  surface 

depth  affects  ^Sodtnd  thus  the  liquid  fuel  surface  temperature  ahead 

of  the  flame. 
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flame  spread  across 


LIQUIDS.  Numerical  Modelling:  I.  Kim,  H.  Li,  and  W.  A. 


Sirignano 


The  height  of  the  ope/computali'onal  dSto^^th™^  ptif  lo'cm'A’'3'6  k V°  ° H le"8‘h' 

Phase  and  . mm  above the X = ,‘  CW/mm  ,he  left  ed8<=  of  the  liquid 

ttme  / = 0 to  1300“  C in  0.1  second  following  activatfonTfThXiteTrhe5  i'T'5',  fr°m  T‘  “ 
tematns  constant  until , - 1 to  2 second,  after  which  time  the  i^iteMs  deartvaS)  PeratUre 

density*  Zd°  Vm^hysical  properties1  md  S°IUti°n  °f  U*  governine  “l^ions  with  variable 
The  conditions  auh  Sf  ZX^obS^f  tf'  ““*■  ^ " -pl°yad' 
balance  of  stresses,  pW  °f ' and  ^ 

negligible  recession  of  the  liquid  surface.  (See  Kim  et  al  fqqgl  Tbe^’  ^ T aS,SUmptIOn  of 
SIMPLE  algorithm  with  the  SIMPI  FP  mrvtif;  u 1 e numenca^  niethod  uses  the 

gas  phase  and  liqtrid  M>rid-differenci„g  scheme.  The 

used  for  the  solution  of  each  phase  In  order  H Unn8  t tllJe  step'  lnlerlace  conditions  are 
profile  of  fuel  vapor  co^mrati™  bit Z T™  ^ °"  flame  spread  °f  initial 

equations  without  chemical  reaction  as  a function8onfthneC'1Vatl°n’  S°'Ve  the  8°vernin8 

(anddZZZore^heVenfirarreZiZZZZ0^  ” "*  8aS  ^ **»  tha  uniter  is  ac.tvated 
reaction  rate  soon  after  Tame  ^ " dete™"as  «*  ^emica! 

after  filling  the  fuel  tray  both  fofnormal  !ra  w?  'S  mVeStlgated  as  a function  of  time 

showed  that,  without  forced  air  flow  (U  = 0)  a U K‘m  ^ (1998) 

phase,  and  then  the  mixture  of  nmn^nli  '**  a ■ ? ~g,h  th  ProPano1  evaporates  into  the  gas 

propanol/air  mixture)  is  heavier  than  the^ir  The ^ 1““  proPano1  (md  th? 

“7  and  a steady  vapor-concentraZon ?}?,  T 

!o  ^ i,hoe  °r  r sU 

forced  air  flow  Vm  - 30  c^s  Vis  fol  Zfa^  T “ in  *he  gas  H»~-  With 

established  quickly  at  t = 5 s both  for  I-g„  and  0-g,.  ” ''  vapor'concentrallon  boundary  layer  is 


o 10 


o 

CL 


T = 21  C 


r-J 


n.' 


2mm  (liquid  depth) 
1 0mm 


T = 10  C 


~ c 

Time  (sec) 

Fig.  1 . Flame  location  versus  time  under  Uopp  = 30  m/s 
and  1 -go  for  two  different  H,  (2mm  and  1 0mm)  with 
two  different  T0  (2 1 0 C and  1 0°  C) 


o to 
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CO  5 
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'/  T = 21  C 
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I 
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Fig.  2.  Flame  location  versus  time  for  the  same 
parameters  as  in  Fig  1 but  for  zero-gravity  (0-go). 
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FLAME  SPREAD  ACROSS  LIQUIDS:  Numerical  Modelling:  1.  Kim,  H.  Li,  and  W.  A.  Si-ignano 
Consider  rhe  depih  effects  on  ^ ^ "JelooX 

^d'lO^^fTor  = ^^C^unifo^ spread  r^pi^),  ^fl^^^read^>y^^ePoiP^P  =°  1 0°' C 

But  the  flame  on  the  shallow  poo  spr  flame  occurs  when  the  liquid  fuel  has 

deep  pool.  A long  liquid  preheating  distance  ahe  * , 1998).  For  a shallow  pool,  the  liquid 

an  initial  temperature  in  the  pulsating  time,  so  more  of  the  surface 

vortex  is  restricted  by  the  tray  botto  • instead  recirculates  near  the  flame  causing 

heat,  that  is  normally  connected  far  fr  the  deeper  pool  requires  more  heat  flux 

the  flame  spread  frequency  to  increas  . f ’ flame 

into  the  control  volume  in  the  liquid  p ase  a ?me  for  tFe  same  parameters  as  in  Fig.  1 but  for 
Figure  2 illustrates  the  flame  location  . , .<  flame  spreads  are  close  to  those 

zero-gracdty  (0-*).  For  J - deeper  poo.  of  ft- 

“ ^n'e  seX  spreads  fas,  for  the  next  . sec,  and  then  spreads 

slowly  again.  id  fuel  ool  to  flame  spread  under  forced  air  flow 

In  summary,  the  effects  of  the  p initial  pool  temperature  is  below  the  closed-cup 

have  been  examined  for  1-go  and  10mm.  For  the  uniform  spread 

flash  point  temperature  and  the  dept  P than  the  flame  spread  on  the  shallow  pool. 

Ste  pdS  ^e0"hIhflatPeonP,he  deep  poo,  spreads  with  much  s.ow  frequency  than 

does  the  flame  on  the  shallow  pool. 

THREE-DIMENSIONAL  CODE.  We  have  code.  This 

developed  in  the  pas,  ,o  simulate  name  jread^  ^ f( JyPnow  duct  geometry,  lateral  hot  gas 
enables  us  to  quantify  the  effects  of  y p d sas  phases.  Most  assumptions  made  in 

expansion,  and  the  sideflow  processes  “ £ also  adopted  in  the  30 
the  2D  model  (for  details,  see  Schiller  el  al., , W > 1<)ltnt  with  the  SIMPLEC  modification 
numerical  method  uses  the  SIMPLE  algorithm  scheme.  Non-uniform,  partially 

(Van  Doormaal  and  Raithby,  1984)  and  ^"^sfeT  chemical  kinetics  scheme  is 
adaptive  grids  are  used  f *“  * firs,  anempted  to  reproduce  the 
assumed.  In  order  to  assure  that _ the  ^ infmitely  long  and  the  properties  are  uniform  in 

2D  planar  results  by  assuming  that  t g ments  we  used  sparse  grids, 

transverse  direction.  To  reduce  CPU  t q ’ (a)  and  the  temperature  (b)  which  are 

Figures  3 and  4 show  the  contours  of  the  flow  V)  general  distributions  are 

calculated  by  the  2D  and  3D  codes,  jespec1  ^ ■ Comparison  of  the  flame  position  and  the 

consistent,  except  for  the  flame  ^apea(F,gs.3a  ^ ^ in  Figs5  and  6 

maximum  reaction  , ^ ‘^^uted  to  the  difference  in  grids  used  ,n  the  2D  and 

m^lculations.  The  finer  grids  are  certain  grid  sizes.  These  must  be 

ror“  e"d'Sr  ;:,Pe"boundayry  conditions  to  the  equations  to  examine  the 
three-dimensional  effects  of  tray  aspect  ratio. 
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FLAME  SPREAD  ACROSS  LIQUIDS:  Numerical  Meddling:  I.  Kim,  H.  Li,  and  W.  A.  Sirignano 
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(*>)  Gas  Temperature 
F.g-  4.  3-D  calculation  for  the  same  conditions  as 
Mg.  3 at  lateral  distance  z = 3 cm. 
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Fig.  5.  Comparison  of  flame  positions 
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ABSTARCT  technique  called:  Combined  laser  sheet  particle  tracking 

We  developed  a new  experim  bjch  is  capable  of  measuring  the  transient 

(LSPT)  and  laser  holographic  mterferome  ty  ( ),  flow  both  in  [(quid  and  gas  phases, 

behavior  of  three  dimensional  stmchiKS of ‘™P  ^ n.butanoi.  We  found  a twin  vortex 

We  applied  this  technique  to  a pulsa  g a few  mm  bejow  the  surface  and  a twin 

now  both  on  the  liquid  surface  mid  deep  fl d tbe  liquid  surface  was  observed 

ipx s nIsT  sr  ^2-rofSSX , - 
£25  ~ S£ 52ES =-  * - — - - °f  b°th  Hqu,d 

and  gas. 

INTRODUCTION  interest  because  of  the  fundamental  curiosity  of  its 

Flame  spread  over  liquids  is  of our  curr  henomenon  and  its  impact  on  fire  safety  in 

mechanisms  and  necessity  of  undei rstan  mg  crude  oil  and  jet  fuel)  liquids.  In  the 

liquid-storage  tanks  and  accidenta  spi  s fl^une  spreading  over  liquids  is  unique 

name  spread  over  liquids,  liquid : convecnon of  a ^ of  Uquid 

and  plays  an  important  role  in  the  spreadi  g p ^ comparison  to  the  flame  spread  over 

convection,  the  flame  spreading  process  P the  current  pr0gress  on  flame  spread 

solids.  An  extensive  review  by  Ross  [5]  summarizes 

studies  over  liquids  offering  the  list  of  future Uas s _ j of  flame  spread  over  liquids 

Almost  nine  yearn  ago,  we  sorted 0“^",e  discussions  and  comments  from 
using  a Pyrex  narrow  tray.  , - t including  Forman  Williams  of  UCSD,  Irv 

researchers  who  are  knowledgeable  in  is  s ^ ^ Mutual,  Toshi  Hirano  of  U.  of  Tokyo, 

Glassman  of  Princeton  University,  John  . Castero’s  group  in  Spain.  Based  on 

Howard  Ross  of  NASA,  Vedha  Nayagam . of  NASA,  ^ we  found  the 

knowledge  gained  through  thcse  d,scussl  ,n  temperature  (both  liquid  and  gas)  and 

transient  measurement  of  flow  (both  hqutd  ^d  gash  A,  ^ ,ime  we  found 

gaseous  fuel  concentrations  generated  by  th  p ^ § all  the  above  requirements 

none  of  already  exiting  *ec. . ‘3'*^  develop  several  different  techniques,  each  of  which  can 
simultaneously.  Thus,  we  decide  eventually  integrate  them  into  one  single  technique  of 

satisfy  one  of  the  above  requirements  m interferometry  that  is  capable  of  measuring 

all  the  capability.  First  we  developed  a o g P developed  a laser  sheet  particle  tracking 

transient  two-D  temperature  map  in  liquids.  Secon  P induced-flow  both  in 

technique  that  is  capable  interferometry  that  is 

liquid  and  gas.  Third,  we  deV^ 

P-ed  our  methods  to  be  accurate  enough  to  study  Are 
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G.  Tashioush  el  al. 

“-S  2£%£l*r "“  SmCe  ~ -<•  -ese  results  [7], 

bde  men,rd- (1)  nasa  — «■» 

liquid-surface  temperature  [4,5],  in  addition  ^NASA  ^ 30  mfrared  camera  to  measure  the 
flame-spread  experiments  over  n-butanol  under  micrna  gr°Up  c°nducted  a successful  series  of 
data  [8]  that  revealed  a twin  vortex  ahead  of  the  fl  y,m<^  Prov,ded  valuable  experimental 

the  spread  phenomenon.  (2)  Castillo  et  al  Tfil  annlTrf  c uf^"8  ^ showin8  the  3'D  nature  of 
predictions  of  the  T*  f ^ and  f°Und  heretical 

» dual  wavelength  holographic  ® ^ 

srD.^rr^xn,ly  “ (aH  - ab-  — — 

University  of  Kentucky,  Oita  University  and  Kanagawa  ILtTf  T^h  C°Jllab°ratl0n  amon8  the 
measurement  technique  which  can  accumtelv  / , f Technology  to  develop  a 3-D 

structures  of  flow,  temperature  and  fuel  concLmLrtTf^  ^ mCasurc  the  transient  3-D 
multi-measurement  technique,  we  upgraded  our  2-D  LSPT  terh  P “"T*  thiS  inte«rated 
measuring  a transient  three-dimensional  flow  distribution  of  hoth  ^ l°  f caPability  of 
simultaneously.  We  applied  this  techn.W  • lsmbutlon  of  both  8as  and  liquid  phases 

flow  that  was  first  reported  by  Ross  et  al  at  thePNASAVU'TenolmderS'and'ng  °fthe  tw™'ng 
infrared  imaging  (IR)  measurement  data  on  the  fuel  surftJlW'S  Research  Cen,er  f6J  from  their 
result  revealed  that  the  preheated  distance  ahead  of  thffla  temPerature-  T1><=  NASA’s  IR  image 
than  in  normal  gravity  where  no  twin  structure  was  obsL^iZ  '°n8er  ^ micr0gravity 
why  that  happed  by  using  our  measured  flow  structure  Paper  we  altemP‘  <°  “plain 

experimental  methods 

in  this  stu^i^the^ame  as  our  previous* studies  [^^and  ^ TT  ^ **“  LSPT  technique  USed 
20  mm  wide)  x 20  mm  deep  x 300  mm  long  weL  used-  the^wot0™  ^ r"'  °f  (5’  l0- 
made  of  Pyrex  of  2-mm  thickness.  A 4-W  Ar-ion  laser  w»!  W°.lonf.s'des  of  the  fi»I  trays  were 
<h.ck  laser  sheet  by  passing  the  beam  through  cyM^le^  Th  ^ a ‘-mm 

sheet  were  chosen  under  the  liquid  surface  at  7 mm  a Three  Positrons  of  the  laser 

liquid  surface  in  the  gas  phase  at  1 and  2 mm  aTwil^T  T,”11  'W°  P°Siti°nS  0Ver  the 

uniformly  over  the  fuel  surface  for  the  measurement  of  o'”  u *'  C part,cles  were  dispersed 
particles  of  15  (±  5)  pm  diameter  were  mixed  with  the  ltauid  forTh  COnVecllon-  Alum'num 
convection.  A high-speed  camera  system  with  an  ultravioletT  a measureme"<  °t  liquid 

and  a TV  monrtor  for  the  real  time  obse™,io„  of  bodtltefl^  fTd  17^^,  ^ 

S°^fE  RESULTS  and  discussion 

developed  two  symmetric  voXS^ha^ro^upto  reg’°n  eXt®nded  ahead  of  tbe  flame.  It  then 
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mixture  over  the  liquid  surface  teaches  the  .can  — ,uuth  the  S 

™ Z premixed  gas  layer  and  covers  study  using  5,  .0  and  20  nun 

was  first  reported  by  Ross  [8]  “‘"8/..^Jexten“|ed  Jead  of  the  flame  with  twin  vortices  flow 
trays  we  confirmed  that  the  preheated  1 quid  exte ahead  of  the  flame  is  inversely 
Structure.  It  was  found  that  the  length  of  the  P^ted  ^ fton,  of  the  liquid 

proportional  to  tray  width.  Once  the  k We  a|so  observed  that  the  flame 

convection  zone,  it  stops  or  decelerates  to  start  ^ than  in  deceleration  because  the 

ZZSZtt™  STJp--  «*  ^ ^ ‘m 

^Figure  1 shows  the  velocity  profiles  SClS- 


_ascr  sheet  at  1mm  below 
the  liquid  surface 


Laser  sheet  at  2mm  below 
the  liquid  surface 


Laser  sheet  at  3mm  below 
the  liquid  surface 


Laser  sheet  at  5mm  below 
the  liquidsurface 


Flame  Direction 


Side  view  of  the  tray 


Flow  visualization  in 


the  liquid  phase  using  20  mm  test  section. 

^ i Sirraru  Uncot 
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Fig“r£  2 of  n-Butanol. 

map  in  gas-phase  at  g where  the  twin  vortices 

jxxzzz  «diuir  r:  r-  - - «— - **  effect  of  ,h; 


fte  fuel  surface.  Any  airt^ovemtm"ablve  thadis^'"  “ m 'gh‘  approxiraale|y  1 -5  ram  above 
from  shape  and  the  flame  leading  edge  structure  r"  “d  con,ro,led  by  (he  flame- 

structure  ,n  both  liquid  and  gas  phases  in  the  pulsating  fegTon  “ “ ,lluStration  of  3-D  flow 
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eS  °f  1,qUld- and  «“H—  flow  in  puls^— 1 

[IVflUADV  A\m  


SUMMARY  AND  CONCLUSIONS 

We  found  twin  circulation  cells  existed  in  th.  |-  j 

Stmcture.  Our  LSPT  revealed  the  flow  profiles  bottin  “ T" image  °f  the  8as-Phase-flow 
a 3-D  stmcture.  Under  the  microgravfty  the  houid  c q ahead  of  the  Aa™  to  have 
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INTRODUCTION  . feared  hazard.  Thus,  the  fire 

In  the  inhabited  quarters  of  orbiting  spac  ^ ^ ^ as  posslble,  (2)  to  detect  any  fire  as 
safety  strategy  in  a spacecraft  is(  ) P • as  possible.  This  suggests  that  a mate- 

early  as  possible,  and  (3)  to  extinguish  any  fire  q y P material  which  permits  a tran- 
rial  which  undergoes  a momentary  tgnthon  the  fire  hazard  in  a 

si, ton  from  a localized  ignition  to  flame  Therefore,  it  is  critical 

spacecraft.  If  the  transition  does  not  take  place,  tire  g 
to  understand  what  process  controls  the  transition. 

Many  previous  works  have  studied  oT I the  transition  over 

(2D,  3D)  configurations.  Furthermore  locahzed the  transition  to  flame 
thermally  thin  paper  sample  tnstea  o downstream  or  both  directions  simultaneously  with 

spread  could  occur  either  toward .“^"ifference  j„  ,he  transition  between  the  3D  and  2D  con- 
an  external  flow.  In  this  presentation,  calculated  data.  For  sufficiently  narrow  samples 

figurations  is  explained  with  the  numerica  y analysis  of  the  surface  smolder- 

edge  effects  exist.  Some  results  on  this 

ing  experiments  conducted  in  the  space  shuttle  STS-75  flight 

NUMERICAL  RESULTS  . our  ious  publication5’6.  The  theoretical 

The  numerical  model  has  been  described  in  , localized  ignition  to  subsequent 

prediction  and  the  experimental  data  show  t at  t e ra  configuration  than  in  the  two- 

flame  spread  tends  to  occur  more  easily  in  aSlow  external  flow7.  This 

dimensional  configuration  in  the  oxygen  sappy  d iew  of  the  stream  lines  and 

trend  is  explained  in  Figure  1 (3D  case the  sample  surface.  The  col- 
the  mass  flux  vectors  for  both  oxygen  an  P p , is  and  expansion  from  the  gas 

ors  used  in  the  figures  correspond  ™e  Upp£f  “d 

phase  reaction  create  an  obstac  e w P mass  flux  vect0rs,  respectively.  Fuel  gases 

lower  halves  of  the  figure  contain  _e“e.  and  ex  pansion.  Far  from  the  flame,  the  oxygen  mass 

flow  radially  from  the  center  due  o direction  (convective  flux  dominates).  Oxygen 

flux  vectors  and  streamlines  pC^  |be  toward  the  centerline  plane.  The  magnitude  of  the 

mass  flux  along  the  outer  regions  of  th^fla  dominated)  is  as  large  or  larger  than  the  cen- 

oxygen  mass  flux  from  the  side  (w  ic  is  i us*  most  aided  by  the  external  flow).  Diffu- 

terline  flux  in  the  upstream  part  of the  (w  , xhus  it  is  clear  that  the  curvature 

sion  in  the  2D  case  can  only  occur  within  the  ^ to  the  flame.  The  3D 

of  the  reaction  zone  of  the  3D  flame  allows  m yS^  exlemaldow  and  successfully  under- 

g^6tr^hio^to  flame  is  quenched  (at  this  low  external  flow  speed, 
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1 Irwin*  M°re  detail,of  this  discussi°n  can  be  found  in  our  recent  publication*. 

rde  -- 

identical  to  the  sample.  Figure  2 shows  that  the  ? W*  6 .^amp  e in  a card  Wldl  dermal  properties 
each  other  and  from  the  9 cm  wide  case  Thus  eH  * 6 Sam?  e cases  differ  significantly  from 
in  the  centerline  plane  for  the  2 cm  wiH  edSe  effects  significantly  influence  flame  behavior 
on  a reaction  Fl§Ure, 3 Sh°WS  CoIor  -"tours  * temperature 

centerline  plane  whicT^  ^ “f  case  *«  a flame  in  the 

sring  of  oxygen  fl 

EXPERIMENTAL  RESULTS:  SMOLDERING 

enhance  cha/formation  ancUhl^  StUdy  ^ dOPed  W‘tH  Potassium  ions  to 

ing  was  initiated  at  the  center  of  the  sample  bv  a lamn^™6  COnducted  in  air  Smolder- 

different  gravity  environments  are  shown  in  f a mo  ^er  Patterns  developing  under  two 

■he  glowing  smolder  front  remained  symmetrfc  aThough "^^0^ 1 ^ ^ 
cent  condition).  The  smolder  area  mttern  wuc  nm  i g segmented  (horizontal  sample  in  a quies- 
very  complex  finger-shaped "*"*"*•  3 
Crete  glowing  smoldering  fronts  were  localized  at  the  II  , “ °f  smoldering  ignition.  Dis- 

velocity  of  0.5  cm/s).  The  direction  of  growth  of  1 he  eh  ^ t,pS  “*  Seen  ln  FlSures  4d4  (How 
ing  the  lowest  flow  velocity  e^MrimemN  , ChardnSeK  "*>  “'most  solely  upstream  dur- 

available  that  sml^Sy ^ «* 

front)  at  external  flow  velocities  of  9 cm/s  to  To  cm/sT  1 f approached  unity  (uniform 
each  smolder  front  cast  an  “oxygen  sh^o!"  „ ^ i""’*  °f  0xygen  transPon  denied  ‘ha. 
smolder  fronts.  More  detailed  discuss, on  can  be  seen S^257 adjaCe"‘ 
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Figure  1:  Various  data  on  a hori- 
zontal plane  2.5  mm  above  the  sur- 
face of  a burning  sample.  C^lor 
contours  of  reaction  rate  (g/cm  s), 
mass  flux  vectors  (fuel  on  upper 
half,  oxygen  on  lower  half),  and 
streamlines.  A 1 cm/s  wind  flows 
from  right  to  left.  The  flame  is 
ignited  by  applying  a radiative  flux 
“ ~ " > tne  pai 


per  over  a circular 
area.  The  data*  shown  here  are  at 


for  3.5  s to 


:pape 

x uw  she  — 
f=1.5  s,  shortly  after  ignition. 


Streamlines 


0.0002 


CL) 

cr> 

o 


Figure  2:  Average  fuel  mass  flux  from  sample  sur- 
face along  the  centerline  and  flame  area  in  the  cen- 
terline plane  versus  time.  Three  cases  are  shown. 
2 cm  and  9 cm  wide  samples  bounded  by  stainless 
steel  (denoted  SS)  and  a 2 cm  wide  sample 
bounded  by  a non-degrading  material  with  ther- 
mal properties  identical  to  the  sample  (denoted  S). 
Ignition  occurs  by  applying  a radiative  flux  across 
the  width  of  the  sample  for  3.5  s (see  Fig.  3).  After 


source 


the  width  ot  the  sample  ior  j.j  > A 15. 
approximately  10  s all  flames  are  relatively  quasi- 
steady.  The  fuel  mass  flux  is  directly  related  to  the 
net  heat  flux  on  the  sample.  The  flame  area  is  larg- 
est in  the  9 cm  case  but  the  fuel  mass  flux  is  small- 
est This  is  because  the  9 cm  flame  stands  off  the 
sample  more  - see  Fig.  3.  Flame  area  was  com- 
puted by  averaging  all  area  elements  in  the  center- 
fine  plane  with  reaction  rates  larger  than  1 flg/ 
(cm3s). 
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time=3  s 


2 cm/s  imposed  win 


time=3  s 


location  of 
ignition 


Figure  3:  Color  con- 
tours of  temperature  on 
the  50  fig/(cm3  s)  reac- 
tion rate  isosurface. 
Highest  temperatures 
are  in  red;  lowest  in 
_blue.  Charring  of  the 
sample  at  / = 20s  is 
denoted  by  greyscale. 
Three  times  / = 3 s, 
10  s,  20  s for  two  cases 
are  shown:  (a)  2 cm 
wide  sample;  (b)  9 cm 
wide.  Overall  dimen- 
sions are  1 1 cm  length 
in  wind  direction, 
10  cm  wide. 


2 cm/s  imposed  wind 


sampie/steel  interface 


?fwldfi!i  patterns  devetoping  under  conditions  of  normal  gravity  (a) 
(0-  In  the  microgravity  case  a 0.5  cm/s  wind  flows  from  right  to  left. 


(c) 


microgravity  (d)  - 
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and  a laser  shearing  interferometer. 

FFFFCT  OF  DILUENT  TYPE  s , at  were  always  lower  than  the  1 g 

these  diluents  is  typi  y ’ ancj  especially  SF6  diluents,  LP  1 P emitted  near  the  flame 

S#=ss^ajS?3 

S,  above  radiation-free dUUentS’  ^ 

for  all  diluents  but  most  dramatically  , 

effects  are  significant,  lhisisais 
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fifcsi  **  «*•«  Mg  S,  can  be 

,0  lSKdT" «' smdy’  ““LS 

Cellular  flame  structures  were  oh<u»n»>H  • ypes at  ^ more  readily  characterised 

atmospheres  near  extinction  limits  In  • ln  spreading  flames  at  pg  in  0?-CO  and  n cr 
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suchasCOandH.^reisa— 

as  NH3,  there  was  practically  no  effect.  Re  o2  concentration  was  lower  when  a 

for  practical  applications,  Sr  was  higher here  was  present  in  the  form  of  CO  rather 
given  number  of  oxygen  atoms  in  the  ^bient  atmos^  ^ ^ fires  the  vitiated 

than  02.  Moreover,  these  data  do  no  associated  with  the  partial  oxidation.  For  all 

air  will  be  hotter  than  ambient  due  ^ ^amleas^  ^ characteristic  chemical  reaction  rate  of 
gaseous  fuels  enhancement  of  Sfcorrea  diffusive  properties  of  the  premixed 

ss  su.  « 

qualitatively  similar  at  lg  and  pg  but  the  e ec = . 6)  Also,  the  effect  of  added 

higher  at  Mg  than  lg  at  high  Premixe^  oxy gen  concentration  and  with  CO  ftief 

g^eous  fuel  was  found  to  be  more  model  proposed  by  the  PI  which 

All  of  these  results  are  a partially-premixed  flame  sheet  to  occur 

shows  the  effect  of  the  premixed  fde  This^dditional  flame  increases  the  total  heat 

upstream  of  the  conventional  non-pim^  Am  ^ premixed  flame  was  found  to  affect 

£ £££?£  is  at  *e  hlgh  "ler  number 

(mixing-limited)  condition. 


— Sf  (lg,  down)  (cm/s)  (2  atm,  35%  02) 
• Sf  (pg)  (cm/s)  (2  atm.  35%  02) 
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Fuel:  polystrene  foam 


Figure  4. 
polystyrene 
mixture  at  P 


Thickness  (cm) 

lg  and  gg  flame  spread  rates  over 
foam  beds  in  a 35%  02  - 65 /o  C02 
2 atm. 


20  25  30 

Mole  percent  02 

. <-  cffpc*  of  O?  mole  fraction  and  gaseous  CO 

F£vC  „n  S Sol  dHnes  and  data  points:  experiment; 

♦ is  the  e„u, valence 

ratio  of  the  premixed  atmosphere. 


CONCURRENT-FLOW  FLAME  SPREAD  conducted  to  clarify  the  mechanisms  of 

A study  of  upward  flame  spread  over^d^e  s buoyancy  effects  on  this  process- 

spread  rates  for  concurrent-flow  flame sPr^  ^^1  predictions,  upward  flame  spread  could 
It  was  proposed  that,  contrary  to  many  p j samples  and/or  surface  radiative  losses 

l steady  because  convective  losses  to £ = ^^indefimtely.  These  losses  were 

prevent  the  flame  length  and  thus  sp  i w imtj|  these  iosses  balance  the  heat 

argued  to  be  unavoidable  because  the  flame  leg  g presence  of  convective  and  radiative 

generation  rate.  Scaling  relations  for  the  spread  ratetn  th  ^ ^ ^ thickfuels  were 

losses,  laminar  and  turbulent  flow,  buoy  conducted  for  upward-propagating  flames  over 

— «*• for  * range  of  p~ 
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Grashof  number,  g^is^hTer'  '?  ?'S  7“™"  a seven-decade  range  of 

width  and  v the  kinematic  viscosity’  was  studied  Onlv^nv3  acce,eratl0n’  w the  fuel  bed 
studied  to  minimize  chemical  influences.  Flames  were  fount!?  fr°m  ^uenching  were 

and  flame  length  when  the  sample  was  sufficient  t(\ach;eve  steady  values  of  both  Sf 

opposed-flow  (downward)  spread  rate  with  th<*  c ' easured  values  of  Sf,  normalized  by  the 
in  Fig.  7 A.  tow  Grw,  ^ bed  are  SZ 

different  for  different  atmospheres  At  higher  W S i h P P0rtl0^lty  constant  being  slightly 
to  radiatively-stabilized  flame  spread  X? of  Gr»'  “bating  a Lsition 
where  S/Sf.w~  Grw«  as  would  be  characSc  rf  mrS^  7f*  'S  some  Nation  of  a region 
rom  Sf/Sf0pp  ~ Grw  behavior  towards  Sf/Sf  ~ Gr  4/7  np”  a°yant  rcgime.  The  data  deviate 
where  a predicted  transition  from  laminar  to  tobulenlLhf  rw  = 20’000’  which  is  close  to 
flames  were  observed  to  change  to  a turbulent  ct  av,or  occurs-  Furthermore,  visually  the 

flight  definition  study,  this  work  will ^“t^nS"5  <•>  the  euLm 

radiation  effects  will  be  important,  as  well  as  thick  fuel  beds.  * ^ C0ndltl0ns’  where  gas-phase 
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with 

particle  combustion with  ^ P the  use  of  nucrogravity 

larger  Grashof  number  with  larger  oerformed  in  microgravity.  Single 

the  simulation  experiments.  on  fuej  droplet  combustion  have  ^ droplet  array[4-7].  However 

dro^etllS^a^***®rf^®ac®X°^r^Ue'  arr£^a',|'^n^°^a^ty  hj^boUing  po^^e^0^0^6 

rff'onn^  *r  - «~ 
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COMBUSTION  OF  2-DIMENTIONALLY  ARRANGED  FUEL  SAMPLES 
UNDER  MICROGRAVITY  CONDITIONS 

H.  Nagata*,  S.  Nakamura^,  I.  Kudo 3,  K.  Ito^,  Y.  Takeshita^,! Department  of  Mechanical 
Science,  Hokkaido  University,  Sapporo  060-8628,  Japan.E-mail:  nagata@eng.hokudai.ac.jp 
^Graduate  School  of  Engineering,  Hokkaido  University,  Sapporo  060-8628,  Japan. ^Department 
of  Mechanical  Science,  Hokkaido  University,  Sapporo  060-8628,  Japan.,  ^Japan  Space 
Utilization  Promotion  Center,  Nishiwaseda,  Shinjuku,  Tokyo  169-8624,  Japan. 


INTRODUCTION 

In  the  combustors  of  jet  engines  or  rocket  engines,  fuel  droplets  bum  in  droplet  clouds  and  their 
combustion  mechanism  is  different  from  that  of  single  droplets  because  of  the  interaction  between  the 
droplets.  Two  droplets  combustion  and  droplets  array  combustion  have  been  studied  experimentally 
to  investigate  the  basic  mechanism  of  the  interaction.  These  simple  arrangements  are  effective  to 
improve  basic  understandings  of  group  combustion  from  the  microscopic  viewpoint.  To  understand 
the  interaction  from  the  macroscopic  viewpoint,  on  the  other  hand,  it  is  desirable  to  observe  burning 
droplets  which  are  arranged  two  or  three  dimensionally.  It  is  a promising  method  to  simulate  group 
combustion  by  placing  some  spherical  fuel  samples  that  are  large  enough  to  afford  easy  arrangement 
and  observation.  When  the  fuel  sample's  size  is  large,  however,  the  effect  of  natural  convection 
increases,  modifying  the  combustion  field. 

To  eliminate  the  effect  of  natural  convection,  the  authors  employed  microgravity  environment. 
Butanol  and  hexanol  are  employed  as  fuels  and  they  are  mixed  into  polyethylene-glycol  to  make  them 
solid  state  in  room  temperature.  This  treatment  enables  us  easy  set  up  of  initial  sample  diameter  and 
sample  arrangement.  Group  combustion  is  simulated  with  large  fuel  samples  arranged 
2-dimensionally.  Effects  of  sample  space  on  flame  shape  and  droplet  life  time  are  investigated 
experimentally. 


EXPERIMENTAL  APPARATUS 

The  experimental  apparatus,  which  Fig.  1 shows  schematically,  mainly  consists  of  a combustion 
chamber,  an  8-mm  VTR  camera,  a 35-mm  single-lens  reflex  camera,  controlling  system,  and  battery 
units.  Figure  2 shows  the  detail  of  the  combustion  chamber.  Electrically  heated  nichrome  wires 
ignite  the  fuel  samples.  To  ignite  all  the  samples  simultaneously,  the  nichrome  wires  are  flat  and 
cover  all  of  the  fuel  samples.  Right  after  ignition  the  nichrome  wires  escape  from  the  neighborhood 


of  the  fuel  samples  not  to  disturb  the  phenomena. 

Fuels  employed  in  this  study  are  1 -butanol 
(C4H9OH)  and  1 -hexanol  (CH3(CH2)5OH). 
Butanol  and  hexanol  are  mixed  into  polyethylene 
glycol  (HOCH2(CH2OCH2)nCH2OH)  to  make 
them  solid  state  in  room  temperature.  This 
treatment  enables  us  easy  set  up  of  initial  sample 
diameter  and  sample  arrangement.  Mean  molecular 
weight  of  the  polyethylene  glycol  employed  in  this 
study  is  6,000  to  7,000  and  the  melting  point  is  333 
to  336  K.  In  room  temperature  it  is  white  powder. 
The  procedure  to  prepare  the  sample  is; 


Combustion  chamber 


35mm  camera 


x Interface  ^ Battery 

Fig.  1 Experimental  apparatus. 
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Sample 


( 1 ) Melt  the  polyethylene  glycol  powder  by  warming  it  in  hot  water. 

(2)  Mix  the  polyethylene  glycol  and  1 -butanol  (or  1 - 
hexanol)  with  the  volumetric  ratio  of  about  1:2. 

(3)  Soak  a glass  rod  in  the  mixture  and  cool  it  in  the 
room  temperature  to  make  it  congeal. 

(4)  Repeat  the  above  procedure  until  the  sample 
grows  to  the  prescribed  size  (about  2.5  mm  in 
diameter). 

Figure  3 shows  the  arrangement  of  fuel  samples.  The 
diameter  of  each  grass  rod  is  less  than  0.5  mm.  They 
have  almost  the  same  length,  with  errors  less  than  0.5 
mm,  to  arrange  samples  in  the  same  plane.  The  definition 
of  sample  space  L is  in  the  figure. 


Nicrome  wire 


Gear  box 


Sample 


RESULTS  AND  DISCUSSION 

Serial  flame  photographs  after  ignition  are  in  figures  4 Fig.  2 Detail  of  the  combustion  chamber, 
with  the  sample  space  of  30  mm.  Time  goes  by  from  left 
to  right.  The  fuel  is  hexanol.  In  the  present  study  most 
of  all  flames  are  dim  blue  flames  that  are  hard  to  see.  To  take 
clear  photographs  of  these  dim  flames  we  employed  high-speed 
films  (ASA3200)  and  set  the  shutter  speed  0.5  second.  Without 
buoyancy  effect  under  microgravity,  the  flame  exists  at  the  place 
where  diffusion  effect  forms  suitable  fuel-air  mixture.  As  time 
passes  after  the  ignition,  the  temperature  of  the  samples  increases 
and  each  flame  grows  up.  Flames  merge  with  each  other  to  be 
single  flame  that  surrounds  fuel  samples.  After  the  merger  the 
single  flame  keeps  glowing  up  because  of  the  accumulation  of  fuel 
vapor  around  the  samples. 

Figure  5 shows  the  effect  of  sample  space  on  flame  shape. 

When  sample  space  is  small,  the  flame  is  almost  a circle.  With  the 
increase  of  sample  space  the  flame  shape  approaches  to  the  shape 


Glass  Stick 


Fig.  3 Sample  arrangement. 


+0  sec 


+0.5  sec 


+1  sec 


+1.5  sec 


Fig.  4 History  of  the  flame  shape. 
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Fig-  5 Effect  of  sample  space  on 
flame  shape. 
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history  mentioned  above.  The  flame 
distance  obtained  with  seven  saraP^s- ° 
the  other  hand,  keeps  increasing untd all 
fuel  runs  out.  This  result  shows  that  all  of 
the  combustion  belongs  to  the  unsteady 
period.  In  other  words,  when  the  sample 
bums  in  a group,  the  fuel  tuns  out  before 
the  fuel  vapor  accumulation  finishes. 

Figure  7 shows  the  effect  of  sample 
space  on  samples’  life  time.  The  vertical 
axis  is  the  number  of  photographs  which 
records  the  flame.  Because  the  shooting 
interval  is  0.5  second,  the  number  of 
photographs  n means  that  the  life  time  is 
between  n-0.5  and  n+0.5  seconds.  In  both 
fuels’  cases,  the  life  time  increases  as 
sample  space  decreases.  These  results 
Show  the  fact  that  the  heat  input  rate  from 
the  flame  to  the  fuel  samples  decreases 
with  the  decrease  of  the  sample  space. 


oor=bS 

the  isolated  combustion  mode.  Becauseofthem  erac»n^  s As  the  result,  the 

a ■ 1 vllr  nnnP fv 


until  it  disappears. 
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Extinction 


THICKNESS  EFFECTS  ON  FUEL  FLAMMABILITY  (TEOFF) 

Paul  Ferkul  and  Richard  D.  Pettegrew 
National  Center  for  Microgravity  Research,  Cleveland,  OH  44135 


INTRODUCTION  . . , , _ . 

The  U-shaped  flammability  boundary  for  thermally-thin  fuels  burning  in  low-speed  flows  is 

well-established  [e.g.  Olson  et  al.,  1988;  Ferkul  and  T’ien,  1994;  T’ien  and  Bedir,  1997].  The 
importance  of  radiative  loss  is  evident  in  leading  to  flame  extinction  when  the  flow  velocity  (or 
ambient  oxygen  concentration)  is  reduced  sufficiently.  This  quenching  extinction  occurs  when  the 
flame  power  output  decreases,  and  the  radiative  heat  loss  rate  becomes  a significant  fraction  of 

the  total  combustion  heat  release  from  the  flame. 

The  existence  of  a similar  boundary  is  hypothesized  for  fuels  which  are  not  thermally  thin.  For 
such  fuels,  heat  conduction  into  the  depth  of  the  solid  will  become  an  increasingly  important 
parameter  as  the  solid  thickness  is  increased.  Thus,  one  can  imagine  that  different  materials  will 
exhibit  different  burning  characteristics  as  their  thickness  is  increased  away  from  the  thermally- 
thin  limit.  When  solid  conductivity  begins  to  become  important,  materials  with  different  thermal 
diffusivities  may  have  a different  material  flammability  ranking,  compared  to  their  thermally-thin 
ranking.  In  effect,  conduction  heat  loss  in  depth  of  the  solid  will  manifest  itself  in  different 
degrees  for  different  materials.  Hence,  in  order  to  determine  an  accurate  and  absolute  material 

flammability  ranking,  the  effect  of  solid  thickness  must  be  accounted  for. 

In  addition,  there  are  other  related  (secondary)  effects  which  will  be  investigated.  Some 
materials  will  form  a char  layer  that  tends  to  inhibit  pyrolysis  of  fuel  beneath  it.  This  barrier  will 
have  implications  for  the  flammability  ranking  as  well.  Other  materials  will  tend  to  sputter  when 
they  bum,  sending  off  flaming  bits  in  many  directions.  Clearly,  a material’s  ranking  must  consider 
the  susceptibility  of  a burning  section  to  ignite  another  section  by  such  a mechanism. 


OBJECTIVES 

The  primary  goal  of  this  research  is  to  examine  how  microgravity  flammability  ranking  may 
change  with  fuel  thickness  and  whether  a correlation  can  be  developed  to  establish  an  absolute 
ranking  which  accounts  for  different  thicknesses.  Our  secondary  goal  is  to  determine  whether  the 
well-known,  U-shaped  flammability  boundary  for  thermally-thin  fuels  (with  quenching  and 
bio woff  branches)  exists  for  non-thermally-thin  fuels,  and  how  the  parameters  of  interest  (material 
properties,  thickness,  flow  rate,  oxygen  percentage)  affect  the  boundary. 

The  determination  of  the  role  of  fuel  thickness,  preheating,  and  material  effects  is  highly 
relevant  to  the  study  of  the  flammability  of  thick  fuels,  one  of  the  fire  research  areas  of  interest 
relating  to  the  Human  Exploration  and  Development  of  Space  (HEDS)  Enterprise. 

EXPERIMENT  DESCRIPTION 

The  experimental  aspects  of  the  project  will  employ  ground  based  facilities  (normal  gravity 
reduced  pressure,  drop  tower,  and  airplane  facilities)  to  develop  baseline  data  on  the  flame  spread 
characteristics  of  several  fuels  (e.g.,  wood,  paper,  textiles)  in  varying  thicknesses.  The  effects  of 
internal  and  external  heat  addition  will  be  examined  by  systematically  varying  the  preheat  fuel 
temperature,  as  well  as  varying  the  external  radiant  heat  flux  to  the  fuel.  Some  efforts  will  be 
made  to  develop  fuels  with  non-isotropic  thermal  conductivity  (e.g.  fuels  with  a grain-structure), 
to  determine  how  flame  propagation  rates  change  with  fuel  orientation.  This  will  help  determine 
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how  fuel  thickness  and  conductivity  combine  to  alter  a material’s  flammability  characteristics. 

In  the  ground-based  testing,  we  will  utilize  a drop  tower  microgravity  environment  to 
determine  the: 

1. )  Thermally-thin  flammability  ranking  of  different  materials  based  on  ignitability  and 
initial  flame  growth 

2. )  Thickness  effects  (if  any)  on  this  ranking 

3. )  Pre-heating  effects  (if  any)  on  this  ranking  with 

a. )  external  radiant  heater 

b. )  internal  conductive  heater 

c. )  nearby  burning  surface 


Figure  1.  Schematic  of  Drop  Tower  Tests.  The  bottom  of  the  sample  will  be  ignited  to  establish 
concurrent-flow  flame  spread. 


The  experiment  is  shown  schematically  in  fig.  1 . Samples  of  various  thicknesses  and  materials 
will  be  mounted  in  a low-speed  concurrent-flow  wind  tunnel.  There  will  be  the  capability  to  heat 
the  samples  either  externally  or  internally.  Two  different  geometries  will  be  studied,  a flush- 
mounted,  flat  sample  holder  consisting  of  an  insulated  substrate,  and  a cylindrical  sample  holder. 

By  varying  the  incoming  flow  velocity  and  oxygen  concentration,  we  can  map  out  an  ignition 
boundary  as  a function  of  material  thickness,  for  a given  applied  heat  flux.  By  ranking  different 
materials  at  different  thicknesses,  we  will  demonstrate  whether  the  material  flammability  ranking 
may  change  as  a function  of  thickness,  based  on  the  ignition  behavior  and  in  conjunction  with  the 
modeling  effort. 


MODELING 

Our  group  has  developed  a formulation  and  solution  method  for  studying  concurrent-flow 
flame  spread.  The  model  contains  all  essential  elements  to  capture  the  detailed  structure  of 
spreading  flames,  including  the  flame  stabilization  zone,  and  flame  extinction  behavior  in  low- 
speed  flows. 
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We  summarize  the  assumptions  made  to  derive  the  governing  equations  of  this  model  below. 
More  details  can  be  found  elsewhere  [Jiang,  1995].) 

(1)  The  solid  is  both  thermally  thin  (in  the  sense  that  the  temperature  gradient  perpendicular 
to  the  solid  surface  is  negligible)  and  aerodynamically  thin  (in  the  sense  that  the  flame 
standoff  distance  is  much  greater  than  the  thickness  of  the  solid).  The  solid  is  allowed  to 
bum  out  and  using  the  flame-fixed  coordinates  system,  a steady  solution  is  sought 
(which  implies  a constant  flame  length). 

(2)  The  flow  is  two-dimensional,  steady  and  laminar. 

(3)  A one-step,  second-order  global  gas-phase  reaction,  which  obeys  Arrhenius  kinetics, 
applies. 

(4)  Specific  heats  as  a function  of  temperature  for  each  species  are  obtained  from  standard 
reference  books.  The  multi-component  transport  properties  are  modeled  in  detail 
[Smooke  and  Giovangigli,  1991]. 

(5)  Solid  decomposition  follows  zeroth-order,  one-step  Arrhenius  kinetics. 

(6)  Gas-phase  flame  radiation  is  from  carbon  dioxide  and  water  vapor  only  (soot  is  absent). 
The  assumed  absence  of  soot  is  supported  by  available  drop  tower  data  in  low  oxygen 
concentrations  and  low-speed  flow  [Grayson  et  al.,  1994],  Radiative  absorption  by 
gaseous  fuel  vapor  is  not  included  due  to  a lack  of  data  (but  can  be  added  later). 

(7)  The  solid  radiation  is  assumed  to  be  gray  and  diffuse. 

The  governing  equations  are  written  in  finite  difference  form  and  solved  numerically.  The 
fluid  mechanical  treatment  in  the  model  is  free  of  the  conventional  boundary  layer  approximation: 
the  full  elliptic  Navier-Stokes  momentum,  energy,  and  species  equations  are  used,  providing  a 
precise  description  of  the  flow  field.  The  flow  pattern  affects  the  flame  structure,  especially  for 
shorter  flames  in  low-speed  flows.  The  flame  base  region,  which  is  important  to  stabilization  and 
extinction,  can  be  predicted  and  compared  to  experiments  enabled  by  microgravity  where  larger 
flame  scales  can  be  probed  to  resolve  structures. 

The  model  is  already  able  to  examine  concurrent-flow  flame  spread  over  a thin  solid  fuel  in 
both  low-speed  buoyant  and  forced  flows.  However,  in  order  to  fully  extend  the  model  to  cover 
this  experiment,  certain  elements  must  be  added. 

The  effect  of  fuel  thickness  on  the  flammability  boundary  will  be  explored.  Initially,  the  solid 
phase  equation  will  be  modified  to  permit  time  variation  (unsteady)  as  well  as  heat  conduction  in 
depth.  We  will  assume  ‘quasi-steady’  behavior,  that  is,  that  the  gas  phase  responds 
instantaneously  to  the  solid  phase,  permitting  us  to  retain  the  steady  gas-phase  formulation.  As 
part  of  the  solution,  however,  we  will  be  able  to  estimate  an  actual  gas-phase  response  time,  thus 
providing  feedback  on  how  appropriate  the  quasi-steady  assumption  is.  In  fact,  we  anticipate  that 
in  some  situations,  the  assumption  will  break  down,  forcing  us  to  re-formulate  the  gas-phase  in 
unsteady  terms.  Fortunately,  the  current  ‘steady’  algorithm  can  be  systematically  converted  to 
‘unsteady’  without  the  need  to  determine  new  finite  difference  expressions. 

Our  understanding  of  the  gas-phase  radiation  treatment  needed  to  accurately  predict  flame 
behavior  has  been  improving.  Using  the  simple  case  of  a one-dimensional  stagnation  point  flame, 
several  different  gas-phase  radiation  models  with  widely  varying  complexity  have  been  examined 
[Bedir  et  al.,  1996].  It  was  found  that  a spectral  line  weighted  sum  of  gray  gas  model  produced 
accurate  results  with  only  moderate  computational  complexity.  Thus,  we  plan  to  incorporate  this 
sub-model  into  the  full  2-D  model  to  continue  the  improvement  of  the  gas-phase  radiation 
aspects.  The  modeling  effort  and  drop  tower  experiments  will  enable  us  to  test  our  hypotheses. 
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APPLICATIONS 

Spacecraft  fire  safety  concerns  are  a strong  motivation  for  reduced  gravity  combustion 
research.  Currently,  the  flammability  hazards  of  materials  considered  for  use  in  manned 
spacecraft  are  evaluated  using  normal  gravity,  concurrent  (buoyant)  flow  tests  [Ohlemiller,  1992], 
on  the  premise  that  this  configuration  represents  the  most  hazardous  possible  arrangement  due  to 
enhanced  convective  heat  transfer.  This  viewpoint  stems  from  quiescent  tests  conducted  on 
Skylab  [Kimzey,  1986],  which  suggested  that  some  materials  are  less  flammable  in  the  absence  of 
flow  than  they  would  be  with  buoyancy  present,  and  implies  that  normal  gravity,  upward  burning 
tests  would  be  conservative  tests  that  would  adequately  characterize  the  risk  of  combustion. 
However,  recent  studies  have  shown  that  low  speed  flows  (such  as  that  produced  by  the 
ventilation  systems  of  spacecraft)  can  sustain  flames  under  conditions  where  neither  normal- 
gravity  buoyant  flows  nor  quiescent  atmospheres  allow  combustion  [e.g.,  Foutch,  1987]. 

A direct  application  of  this  work  will  be  to  bridge  the  gap  between  material  flammability 
testing  in  normal  gravity  and  practical  material  selection  for  microgravity. 
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THE  EXTINCTION  OF  LOW  STRAIN  RATE 
DIFFUSION  FLAMES  BY  A SUPPRESSANT 
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(Department  of  Mechanical  Engineering,  M /C  251,  Chicago,  IL  60607-7022). 

INTRODUCTION 

This  paper  describes  plans  for  an  experimental  and  computational  study  on  the  structure  and 
extinction  of  low  strain  rate  diffusion  flames  by  a suppressant  added  to  the  oxidizer  stream. 
Stable  low  strain  rate  flames  will  be  established  through  ground  based  reduced  gravity 
experiments  using  the  2.2  s drop  tower.  A variety  of  agents  will  be  investigated,  including  both 
physically  and  chemically  acting  agents  (He,  N2,  CO2,  and  CFsBr)  for  flames  burning  methane 
and  propane.  A computational  model  of  flame  structure  and  extinction  will  be  modified  to 
include  radiative  losses,  which  is  thought  to  be  a significant  heat  loss  mechanism  at  low  strain 
rates. 

There  have  been  few  microgravity  studies  on  the  effect  of  suppressants  on  flames  [Ronney, 
1985;  VanDerWege  et  al.,  1995].  Recently,  Maruta  et  al.  [1998]  reported  measurements  of  the 
low  strain  rate  (a=2  s'1  to  15  s'1)  extinction  of  methane/air  diffusion  flames  with  N2  added  to  the 
fuel  stream.  The  required  N2  concentration  to  achieve  extinction  increased  as  the  strain  rate 
decreased  until  a critical  value  (7  s'1)  was  obtained,  and  then  as  the  strain  was  further  decreased 
the  required  N2  concentration  decreased.  These  results  were  explained  in  terms  of  enhanced 
radiative  loss  at  low  strain  rates.  The  experiments  discussed  here  are  similar  to  that  of  Maruta  et 
al.  [1998],  but  various  agents  and  fuels  will  be  tested,  agents  will  be  added  to  the  oxidizer  side  of 
the  flame,  and  understanding  the  near-extinction  structure  of  these  flames  will  be  emphasized 
through  measurements  and  models. 

Radiant  energy  losses  are  usually  neglected  in  analyses  of  high  and  moderately  strained  near- 
extinction diffusion  flames.  This  is  because  these  flames  are  generally  non-luminous  and  the  hot 
gases  are  confined  to  a thin  reaction  zone.  In  a previous  study,  Lee  et  al.  [1996]  measured  the 
radiative  heat  loss  in  moderately  strained  (a=100  s'1)  counterflowing  methane/air  nonpremixed 
flames  with  and  without  agent  added  to  the  oxidizer  stream,  i.e.,  near  and  far  from  extinction 
[Lee  et  al.,  1996].  The  results  for  constant  strain  rate  showed  that  as  nitrogen  was  added  to  the 
oxidizer  stream,  the  radiative  heat  loss  fraction  decreased.  This  is  consistent  with  the  view  that 
radiative  heat  loss  should  diminish  as  the  peak  flame  temperature  decreases  and  the  reaction  zone 
narrows  [Vranos  and  Hall,  1993].  The  radiative  heat  loss  fraction  was  found  to  vary  from 
approximately  2 to  4 percent  depending  on  the  type  of  agent  and  its  concentration  in  the  oxidizer 
stream.  These  results  confirm  the  validity  of  the  assumption  of  small  radiative  heat  loss  for 
moderately  strained,  thin,  non-luminous  diffusion  flames.  However,  the  importance  of  radiative 
losses  at  low  strain  rates  (<  20  s'1)  and  for  luminous  fuels  is  not  known,  nor  is  it  known  for  a 
halogenated  agent  like  CF3Br,  which  promotes  soot  [Smyth  and  Everest,  1996]. 

A primary  objective  of  this  study  is  to  measure  the  agent  concentrations  that  are  required  to 
achieve  extinction  of  counterflowing  non-premixed  flames  at  low  strain  rates,  measurements  that 
are  not  possible  to  perform  in  normal  gravity  due  to  flame  instabilities.  For  this  reason,  there  is  a 
gap  in  knowledge  regarding  the  suppression  effectiveness  of  agents  for  strain  rates  below 
approximately  20  s'1.  A secondary  objective  of  this  study  is  to  characterize  the  magnitude  of  the 
various  chemical  and  transport  processes  that  impact  flame  stability  and  lead  to  flame  extinction. 
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PLANNED  EXPERIMENTS 

In  the  first  series  of  experiments  that  are  planned,  the  agent  concentration  in  the  oxidizer  stream 
will  be  incrementally  increased  until  extinction  occurs.  The  experimental  apparatus  and 
procedure  will  be  designed  to  minimize  the  experimental  duration,  such  that  experiments  can  be 
conducted  using  the  2.2  s or  5 s drop  towers.  A burner  with  a small  dead  volume  is  being 
designed.  Preliminary  experiments  will  be  conducted  in  normal  gravity.  If  short  duration 
experiments  (<2  s or  5 s)  are  not  achievable,  then  free  floating  experiments  on  aircraft  will  be 
considered.  Measurements  will  be  conducted  to  insure  that  the  rate  of  change  in  agent 
concentration  does  not  influence  the  measured  value  of  the  critical  agent  concentration  required 
to  achieve  extinction.  As  the  temperature  profile  broadens  at  low  strain  rates,  some  conductive 
losses  may  occur.  An  attempt  will  be  made  to  minimize  these  losses  by  establishing  the  location  of 
the  reaction  zone  away  from  the  burner  ducts  through  judicious  selection  of  fuel  and  air  flows. 
Temperature  measurements  in  the  flame  will  indicate  the  extent  of  conductive  losses. 

In  the  second  series  of  experiments  that  are  planned,  the  structure  of  near-extinction 
flames  will  be  investigated.  Specifically,  the  distributions  of  temperature,  soot  volume  fraction, 
and  radiative  heat  flux  will  be  measured.  Flame  temperatures  will  be  measured  using 
thermocouples  in  flame  regions  where  soot  levels  are  not  significant.  For  flame  locations  that 
are  soot  laden  and  have  sufficient  luminosity,  the  temperature  and  soot  volume  fraction 
distributions  will  be  measured  using  two-wavelength  emission  pyrometry  [Choi  et  al.,  1994]. 
These  two  complementary  techniques  are  expected  to  provide  an  adequate  picture  of  the 
temperature  and  soot  volume  fraction  distributions  in  the  flame.  The  radiative  heat  flux  emitted 
will  be  measured  using  a small  (~1  mm  diameter)  water-cooled  Schmidt-Boelter  total  heat  flux 
gauge.  The  gauge  has  a flat  spectral  response  and  a view  angle  of  150°.  Experimental  details  are 
described  in  an  earlier  study  [Lee  et  al.,  1996],  also  in  a small  counterflow  burner. 
Measurements  will  be  made  at  locations  on  a cylindrical  control  surface  surrounding  the  flame. 
Using  appropriate  view  factors  [Howell,  1982],  the  measured  heat  fluxes  will  be  integrated  to 
determine  the  total  radiative  enthalpy  emitted  by  the  flame  [Lee  et  al.,  1996].  Determination  of 
the  fractional  flame  heat  loss  due  to  radiation  requires  knowledge  of  the  flame  heat  release.  This 
will  be  estimated  by  integrating  the  local  net  heat  release  for  each  of  the  chemical  reactions  in 
the  model  simulation.  The  flame  area,  which  varies  as  a function  of  distance  from  the  ducts, 
must  also  be  carefully  considered  [Lee  et  al.,  1996]. 


NUMERICAL  MODEL 

A flamelet  code  (Rogg,  1991)  will  be  used  to  predict  the  structure  and  required  suppressant 
concentration  to  achieve  extinction  for  the  flames  of  interest.  The  code  solves  the  conservation 
equations  using  detailed  models  of  molecular  transport  and  chemical  kinetics.  Detailed  transport 
and  kinetic  rate  information  are  available  for  the  fuel  and  agent  systems  of  interest.  The  kinetic 
data  for  the  C/H/O  systems  will  be  based  on  Miller  and  Bowman  [1989].  The  kinetic  data  for  the 
F/Br  system  will  be  the  same  that  was  used  in  Noto  et  al.  [1996]  and  Babushok  et  al.  [1996]. 
Transport  and  thermodynamic  data  for  the  F/Br  system  is  listed  in  Noto  et  al.  [1998].  Details  of 
the  calculation  methodology  are  described  elsewhere  [Yang  et  al.,  1994].  A gravitational  body 
force  term  will  be  added  to  the  momentum  equation  for  consideration  of  buoyancy  effects  in  the 
normal  gravity  flames.  The  numerical  simulations  will  be  used  as  a tool  to  further  the 
understanding  of  the  differences  between  low  and  high  strain  rate  flames  near  extinction.  A 
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complete  kinetic  model  will  not  be  initially  used  for  soot  formation.  Instead,  the  measured  soot 
volume  fractions  will  be  used  as  input  data  for  the  simulation. 

The  code  will  be  modified  to  include  radiative  losses  by  appropriate  gas  species  and 
particulates.  Currently,  a simple  model  of  gas  phase  thermal  radiation  is  used  (Chen  et.  al.,  1993) 
and  emission  by  only  two  gas  phase  species,  CO2  and  H2O,  are  considered.  The  code  assumes 
the  optically  thin  limit  and  adopts  the  gray-medium  approximation.  The  code  will  be  modified  to 
include  radiation  by  particulates  as  well  as  appropriate  gas  species.  The  mean  absorption 
coefficients  will  be  obtained  from  Abu-Romia  and  Tien  [1967]  and  checked  using  RADCAL 
[Grosshandler,  1993].  For  addition  of  CF3Br  to  the  flames,  radiation  by  HBr  and  HF  will  be 
considered.  Ground  state  spectral  information  is  available  for  HBr  and  HF,  although  high 
temperature  spectral  data  is  lacking  [Rothman  et  al.,  1992].  The  absorption-emission  coefficients 
for  these  molecules  will  be  estimated  using  a temperature  correction  to  the  ground  state  data 
assuming  a non-rigid  rotator,  anharmonic  oscillator  model  [Ludwig  et  al.,  1973]. 


COMPARISON  OF  MODEL  AND  MEASUREMENTS 

The  computations  will  be  validated  by  comparison  with  the  measurements  of  (1)  the  measured 
agent  concentrations  required  to  achieve  flame  extinction,  (2)  the  measured  temperature  profiles, 
and  (3)  the  measured  radiative  heat  flux  at  various  locations  about  the  flame.  Observations  and 
measurements  will  guide  model  development,  in  the  sense  that  the  radiative  transfer  model  will 
be  refined  to  include  radiative  transfer  by  particulates,  if  flames  are  observed  to  be  luminous.  It  is 
anticipated  that  such  a sub-model  will  be  appropriate  to  simulate  the  near-extinction  low  strain 
rate  flames. 

Consideration  of  temperature  profiles  and  the  equation  of  radiative  transfer  will  allow 
quantification  of  the  effects  of  conductive  and  radiative  heat  loss  on  flame  stability.  The  radiative 
heat  flux  will  be  estimated  using  appropriate  view  factors  [Howell,  1982]  and  compared  to  the 
measurements.  A reaction  path  analysis  will  be  conducted  to  identify  important  chemical  routes 
in  the  suppression  process.  In  particular,  the  model  will  be  used  to  seek  answers  to  the  following 
questions: 

• To  what  extent  do  radiative  losses  impact  the  extinction  of  a diffusion  flame  by  an  agent? 

• At  what  strain  rate  do  radiative  losses  become  significant? 

• Are  there  certain  chemical  routes  (associated  with  fuel  pyrolysis,  agent  decomposition, 
inhibition,  or  oxidation)  that  play  an  enhanced  or  diminished  role  as  the  strain  rate  changes? 


SUMMARY  . 

An  experimental  and  computational  study  has  been  initiated  to  investigate  the  extinction  of  low 

strain  rate  diffusion  flames  by  an  agent.  To  illuminate  the  mechanisms  of  flame  suppression  at 
low  strain  rates,  the  structure  and  radiative  heat  loss  from  near-extinction  flames  will  be 
experimentally  measured.  Computational  simulations  that  include  radiative  heat  transfer  will  be 
compared  with  the  measurements.  The  experimental  apparatus  is  being  designed  and  the 
computational  model  is  under  development.  Initial  low  strain  rate  microgravity  experiments 
using  the  2.2  s drop  tower  are  planned  for  the  fall  of  1999. 
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INTRODUCTION  j , that  as  overan  spacecraft  mass  decreases,  the  use 

The  tendency  in  space-mission  eve  °P™  ^ ^ of  the  structure  and  hardware  present  t e 

of  polymer  material  increases.  These  m enhanced  environment  of  spacecraft, 

primary  flammable  payload  of  the  spacecraft,  ^o^g  researchers  in  many  countries  are 
the  danger  of  a fire  becomes  real.  In  order  to  ensure  [ire  safety.  ^ ^ ^ 

evaluating  material  flammability  in  miCr°gr^  flaLiabiHty  parameters  were  identified.  The 
material  flammability  in  microgravity,  an  limiting  flow  velocity  (VUJ,  which  is 

material  combustion  a.  Us  limit  is  *“^^10^^^  W *df.  These  para- 
required  to  sustain  a fire  in  microgravi  y.  (c  , . ,h  envlronment,  and  the  quantita  ive 

meters  appeared  to  ^hove  are  essentiai  to  characterize 

fl?m"yWoafS “rial  in  space  and  rims rcal  microgravity  (in  the  drop 

Uisextremelydifncultandex^siveto space  station).  Therefore.,. 

tower;  in  the  ahplane,  flying  along  a par  aluate  material  combustion  and  ignition  in  t e 

became  advantageous  to  develop  new  methocMo  developed  that  makes,. 

groundenvironmentwiriisuppres^conv^riom  Asp^  ^ combustlon  in  simulated 

possible  to  create  a physical  model  of  poly  ' , avaluaUo„  in  the  flat  moving  layer  of 

microgravity.  This  method  is  based  on  maBnalfl  Ch^el^pparatus).  The  gaseous  media  flows 
gaseous  media  that  contains  oxygen  (the  spaCed  ^ heavy  enough  lo  maintain  a 

between  Wo  parallel  horizontal  plates  (21. tat Jaleria,  is  positioned  along  the  lonprudmal 

uniform  wall  temperature.  The  sample  of  t > opcrated  by  the  drive  mechanism.  The  gas 

axis  of  the  apparatus  on  the  end  of  ta > « P channel.  Flow  velocity  setting  for 

— - smoke  v“ 

technique.  ,,s  pf  Narrow  Channel  testing  compared  to  the  results  of 

• flame  extinguishment  occurred  at  flow  shutoff, 


* elS V“m  fOT  aU  “ d~  - oxygen  concentration  lhe 

concentration  C„tacrea^dhe  SamPlC  lncreased  when  How  velocity  and  oxygen 

limiting  flow  velocity 

ores  1-3.  These  dLw™  obutarfln  C°ncen,ra'ion  C«  is  Presented  in  Fig- 

Skorost  on  OS  Mir  in  1998  [2].  Left  branches  of  wed^T  nT”  **  'he  ma,crials  ,es,ed 
bihty  diagrams  are  shown  on  these  figures.  W"  U'shaped  curves  of  material  flamma- 

The  oxygen  index  C„m  is  on  Fig  1-3  as  wpII  Wu  n . , 
feasible  at  g=981  cm/sec2  and  at  any  other  gasdynamic  ***”  C,im’  the  comb^tion  is  not 

It  is  noticeable  that  values  for  obTafn^ 

Channel.  However,  even  though  ^ Z a d^reT  T ta  the  N-ow 

obtained  in  space  and  on  the  ground,  qualitatively  the  nUmerical  value  of  the  data 

because  in  both  cases  the  combustion  on  the  front  ed^of  th^  ^ C°mbUSti°n  agreed  veiy  well, 
convection  with  no  or  minimum  (in  the  Narrow  Tha  n k samP  e was  sustained  by  forced 
from  edge  of  (he  samp, e was  of  i”e  same  s hi  a,  7 ” ‘he  «» 

Hence-  the  comparative  analysis  of  material  comh  r COmbus,lon  limil both  models  (Fig.  4). 
forming  an  expensive  experiment  in  space.  S 100  “ micro8ravity  is  possible  without  per- 

test  is  required  to  improve  the  ground- 

microgravity  experiment  of  long  duration.  P d aCCUrately  *°  the  data  obtained  in  a 

FLAME-SPREAD  rate 

?•  "-.spread  rate  aiong  the 

space  experiment  on  OS  Mir  The  flame  snrPari  NaiTOW  Channel  experiment  and  in  the 

C°  TTMU^iHg  Va,UeS  from  fhe  ^acelperinmnt  mt  ^ NarTOW  Channel  is  lower  than 

i2i.  rdy  * ““  micr« 

*•  ^ ve,ocity 

enhancedenvironment  (Cox>21%)  are  associated  wiIhTow*ft°<leSfrSm0lderin8  ‘he  °*ygen‘ 

hon  of  gaseous  phase.  This  might  be  explained  by  the  tempemtum  dfr^  ‘°  C°mbUS- 

Thermocouples  measured  the  temperature  of  the  smoldel  T ‘Wference  m the  reacdon  zone. 

Ifmperature  did  not  depend  on  the  oxygen  concentration  1 °"  “"*■  For  tfle  limit  mode,  the 

OTHER  EXPERIMENTAL  RESULlI  ’ as  cons,a"'.  and  was  equal  to  910  K. 

simulated  microgravity.  The  sampTewls bydfe”13^  '8h'i0n  ^ electrical  sPike  ■" 
from  the  front  of  the  sample.  The  limidngTow  veLfty  for  1"  “ Vari0US  d‘Sta"ce  X 

detem,taed' which 

without  forced  convection,  is  o^gmat'scienSc  imeTesf  Wh  COmbusIio"  ^<>mes  stable 
-he  gaseous  media  might  sustain  combustion  by  providing  a 
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level  of  gravity  *.  shall  exist.  Sioce  - 

induced  by  thruster  operation,  gu„  may  also  be  flammabu.ty 

on  spacecraft  and  space  stations.  with  a centrifuge  in  the  inner  con- 

The  gim  experiments  were  conducte  using  ^ wa$  mounted  in  radial  orien- 

tainer.  The  centrifuge  had  a combus  ion  centrifuge  rotation  with  the  prescribed  angular 

tation.  The  combustion  occulted  at  g smteme  y accounting  for  both  centripetal 

velocity.  For  a given  material  combustion,  gimwas 

(a>2limxR)  and  Coriolis  (2(0,inimxv,iJ  acceleration; s.  ^ ^ materia[  is  known.  Fig.7  shows  gim  vs. 

The  determination  of  g,im  is  possible  o y nm  cm/sec2  in  these  tests) , the 

Cox  for  PMMA  (curve  1)  and  for  Gednax  and  Clim2,  in  Fig.  7.  which  is 

material  is  flammable  at  minimum  oxygen  concentra^  ^ J^.  Cum=i9%.  For  higher  values 

the  material  oxygen  index  CUm-  For  v J'^imilar  to  Vlim  (Figs.  1 to  3 extrapolated).  When 

of  Cox,  upper  and  lower  limits  of  gravi  ye  , glim  wiU  be.  When  g>go,  to  the  right  of 

g<g0,  to  the  left  of  the  minimum,  the  lower  Cox  is  the  higher  glim 

the  minimum,  the  higher  Cox  is,  the  higher  &im  w f fire  safe  materials  for  manned  compartments 

SI,  P-  — rc^f  G^l-be  32%.  on  Mar, 

wi.l  no.be  flammable  up  to  23%  of  oxygen  concern, anon. 
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Fig.  4 Delrin  Combustion  in  Narrow 
Channel. 

Flow  velocity  V=1.5  cm/sec;  Cox=21% 
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the  discrepancies  be  ween  been  reported  t0  inHuence  tte  tone  motivated  by 

— r: 

effeCt " eSSen" 

r ^ J5-  - -M  Sp  —on  and  an  ^ 

employing  a second  (BDp)  for  temporal  integration, 

backward  differentiation  formula  (BW) 

ditcitt  TS  AND  DISCUSSION  unsteady  flames,  steady  flames  with 

"net  understand  the  innuenoe  of  ^ ^ £ temperature  profr.es  of  names 

dif^  Uwis  numbers  «««£•* S — The  msu.ts  showt^  ^ 

Q A 


EFFECT  OF  LEWIS  NUMBER:  T.  Shamim 

sinusoidal  variations  in  reactant  flan,eS  ‘hat  werc  later  subjected  to 

The  results  show  ftTte  SimSoid^‘ ^hlo^TmpZT 

ranging  from  0.75  to  2 fP°nse  remain  unchanged  for  value/  nf  r P and 

sfluTexriU„criC’ed  ‘°  the  reac'^Vconcen7ration^ucr,ua^  af “ T*  ”ay  * 

- .he 

figure  shows  that  the  phase  lag  in  the  e Donse  d 'e",|,era,“res  “ shown  in  Figure  4 The 
number,  which  is  due  to  an  increase  ofL,he”al  W“h  a"  »f  Jwt 

E%LaaJii^^  PremiYino 

swiaf  ^ ^^^nuso^d^fh^ctiiariotif  h^arrlf  stea<^  puriially  premixed  flame 

ca“SdallHyat  ' HZa"d  ‘^-.Pltde  jt"3)0"^  ‘he  Prem,Xed  «“» 

flam  f °8  ab°Ut  smusoidal  flame  response  Th*  i Tbe  lmposed  fluctuations  in  this 

flu^Tra,Ure  resp0nse  Sh0W  tha'  ,he  ainPhtude  of  the 

uctuations  in  partial  premixing  is  greater  on  o f Lewis  number,  i.e„  the  effect  of 

explained  by  considering  that  with  anTncTeaSe  o^T  WUh  ^ Uwis  number-  This  may  be 

increase  on thUS  be  m°re  extensively  influenced  tv  ch^’  thefdiffusion  flame  becomes 
increase  of  Lewis  number  is  found  to  have  no  eff  Cbanges  of  partial  premixing  The 

sSssaPsss 

ourning  of  the  premixed  flame.  y prem,xed  flames  improves  the  incomplete 

Extinctinn 

a"r^S  2 “ ?-  - — ou,  „y  utilizing  the 

combustion  products  were  considered  F^m  6 shT  “ ti°"S'  Emissio"s  f.°">  he  maio 

f ZrZ? T “ 3 fUnC,‘°"  of. fintefX v^s  valulto Z°f ' “*  ^ ^ 

temperature  reduction  is  significant  P |„”  TJ ™S  "“nibers.  However  ,he 

Recall  that  at  low  strain  rates,  the  flame  has  a low  h t I Wh,Ch  eventuaJ1y  leads  to  extinction 
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p.  7 The  figure  depicts  that 

susceptible  to  tad.at.ve  losses. 

sssi sr » 2 ™ rr ^ *■ rad,ative " 

CONCLUSIONS  radiative  extinction  and  flamele^  ^ames  are  relatively 

The  effect  of  U*‘S  "U®he  results  show  that  at  large  U»»  ^ increase  of  Lewis  number 
investigated  m this  stu  y.  radiative  heat  losses.  j0w  strain  rates,  is 

‘•weak”  and  become = rfle  » £ reported in  mcentsmd.es c ^eur  a^  ^ 

radiative  extinction  li  » . , values  of  strain  rates.  combustion  modeling.  The 

found  to  be  pushed  transient  effects  on  namele  cMubusu  ^ flamdet 

r Fmlosion  of  Gases,  Academic 
RENCES  a u Elbe  B.,  Combustion,  Flames,  and  Exp 

Lewis,  B.,  and  vo  ’ Mm  (International)  on 

Press,  NY,  1961.  . „ r^ntv-Fourth  Symposium  _ 
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Combustion  Diagnostics 


QUANTITATIVE  INTERPRETATION  OF  OPTICAL  EMISSION  SENSORS 

FOR  MICROGRAVITY  EXPERIMENTS 


Jay  B.  Jeffries,  Gregory  P.  Smith,  and  David  R.  Crosley,  Molecular  Physics  Laboratory,  SRI 
International,  333  Ravenswood  Ave.,  Menlo  Park,  CA  94025,  Jay.Jeffries@SRI.com 

INTRODUCTION 

Microgravity  flight  experiments  uniquely  test  our  knowledge  and  understanding  of  the  coupling 
between  chemistry  and  fluid  mechanics.  However,  compared  to  ground  based  laboratory 
experiments  the  number  of  useful  diagnostic  tools  suitable  for  microgravity  environments  is 
severely  limited  by  the  space,  weight,  power  consumption,  and  operator  complexity  requirements. 
One  of  the  available  tools  is  the  observation  of  optical  emission,  and  total  emission  has  already 
proven  useful  for  observations  of  stable  “flame  balls”  on  the  space  shuttle.  [ 1 ] wavelength  resolved 
tomographic  measurements  of  flame  emission  offer  the  promise  of  diagnostics  to  test  our 
understanding  of  flame  chemistry  and  structure.  Individual  emissions  from  electronically  excited 
radicals,  e.g.,  CH  , OH  , and  C2 , can  be  identified  in  a methane/air  flame.  Spatially  resolved 
measurements  of  the  intensity  of  this  resolved  optical  emission  from  a specific  excited  molecule 
enable  chemically  resolved  flame  structure  studies.  Wavelength  resolved  emission  measurements 
to  determine  such  structure  in  diffusion  flames  are  being  readied  for  flight  experiments  by  a group 
at  Yale  headed  by  Profs.  Smooke  and  Long.  [2] 

A quantitative  relationship  between  emission  intensity  and  flame  properties,  as  expressed  by  a 
flame  model,  is  needed  for  species  specific  optical  emission  measurements  to  fulfill  its  promise. 
The  Yale  group  compared  models  and  measurements  of  optical  emission  in  laboratory  tests  at  1- 
g.  Unfortunately,  these  experiments^]  show  disagreement  between  measurement  and  state-of- 
the-art  flame  models  by  over  a factor  of  50.  Therefore,  an  improved  chemical  mechanism  for 
optical  emission  from  flames  is  needed  to  enable  quantitative  tests  of  microgravity  flame  models. 
The  connection  between  excited  state  emission  and  flame  chemistry  is  not  yet  adequate. 


PLANNED  RESEARCH 

We  will  develop  an  optimized  chemical  kinetic  mechanism  for  optical  emission  from  CH’,  OH’, 
and  C2’  in  flames  using  a series  of  ground-based,  support  experiments.  These  will  be  performed  in 
close  collaboration  with  the  Yale  group,  which  has  moved  from  laboratory  experiments  to  the 
design  of  flight  measurements.  The  resulting  mechanism  will  enable  quantitative  interpretations  of 
optical  emission  measurements  from  microgravity  combustion  experiments,  and  thus  be  a 
quantitative  tool  in  the  quest  to  unravel  the  interaction  between  chemistry  and  fluid  mechanics  in 
flames. 

Our  proposed  research  involves  laboratory  measurements,  the  development  of  a model  for 
chemiluminescent  emission  (within  the  framework  of  an  existing  combustion  model),  and  carefully 
designed  flame  experiments  to  test  that  model.  Note  that  optical  emission  in  flames  is  primarily 
produced  by  chemiluminescent  reactions,  and  therefore  is  described  by  finite  rate  chemistry  not  by 
equilibrium  emission.  [3]  The  products  are  electronically  excited  atoms  or  molecules  that 
subsequently  radiate  to  produce  the  flame  emission.  Developing  a chemical  mechanism  for  the 
optical  emission  consists  of  three  parts.  First,  the  chemical  pathway  must  be  identified  to  tell  us 
which  atoms  and  molecules  are  the  precursor  reactants  that  produce  the  excited  state  products. 


Quantitative  Interpretation  of  Optical  Emission  from  Flames,  J.  B,  Jeffries,  G.  P.  Smith,  and  D.  R.  Crosley 


Second,  the  temperature  and  pressure  dependent  rate  coefficients  for  the  chemical  reactions  in  this 
pathway  must  be  determined  to  allow  us  to  model  the  rate  at  which  the  excited  species  are 
produced.  Third,  the  collisional  quenching  of  the  electronically  excited  products  must  be 
determined  to  quantify  the  probability  that  an  excited  state  species  will  radiate  and  contribute  to 
the  optical  emission. 

Our  previous  work  on  the  development  of  the  GRI-Mech  chemical  mechanism  for  natural  gas 
combustion  provides  guidance  for  the  work  proposed  here.  We  have  already  developed  a 
protocol  and  instrument  to  test  chemical  mechanisms  using  laser-induced  fluorescence  in 
premixed,  low-pressure  flames.[4,5,6]  Our  model  of  the  combustion  chemistry  has  been  validated 
by  previous  laser  based  measurements  of  the  absolute  concentration  of  CH  and  OH  which  agree 
well  with  the  predictions  of  our  chemical  model. [4,5]  We  propose  to  add  to  this  model  the 
chemistry  of  optical  emission  and  to  optimize  this  chemical  mechanism  with  respect  to  measured 
emissions  from  test  flames.  This  approach  will  take  advantage  of  our  database  by  measuring  the 
optical  emission  in  the  same  flames  we  have  successfully  characterized  and  modeled, 
tomographically  reconstructing  the  spatially  resolved  optical  emission,  and  using  this  data  to 
optimize  the  chemical  mechanism  for  optical  emission.  In  these  flames,  we  already  have  empirical 
measurements  of  the  electronic  quenching  which  is  needed  to  connect  emission  intensity  with  the 
concentration  of  electronically  excited  CH'  and  OH'.  [7], 

For  electronically  excited  OH*,  the  reaction  CH+02  is  the  most  likely  chemical  pathway.[3] 
However,  for  excited  CH*  and  C2*  there  are  several  chemical  pathways  possible.  It  may  well  be 
that  more  than  one  of  these  pathways  are  important  in  different  regions  of  the  flame  or  in  flames 
of  different  stoichiometry.  We  will  identify  the  chemical  pathway,  select  reaction  rate  coefficients 
from  the  literature,  add  these  chemical  pathways  into  our  chemical  mechanism  for  combustion, 
and  optimize  the  chemical  reaction  rate  coefficients  of  the  excited  state  formation  reactions  within 
their  known  uncertainties  to  match  these  target  experiments.  We  will  use  modeling  results  to 
select  additional  target  flames  (different  fuels,  different  stoichiometry)  which  minimize  or 
maximize  the  optical  emission  from  different  proposed  chemical  pathways.  For  the  OH  example, 
trace  amounts  of  CH4  in  an  H2/02  flame  will  maximize  the  influence  of  reactions  involving  CH  but 
not  reactions  of  molecules  with  two  carbon  atoms,  whereas  a C2H2  flame  provides  the  reverse. 
This  research  will  produce  an  optimized  and  validated  chemical  mechanism  for  quantitative  optical 
emission  diagnostics  for  methane/air  flames. 
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INTRODUCTION 

The  use  of  CO2  laser  driven  flow  reactors  for  the  gas-phase  synthesis  of  high  purity  ceramic 
powders,  including  Si3N4,  SiC,  B4C,  Ti02,  TiB2,  and  diamond,  has  become  an  established 
method  during  the  past  twenty  years  [1-4].  By  matching  an  emission  line  of  the  CO2  laser  with  a 
strong  absorption  band  of  at  least  one  of  the  reactants,  an  efficient  and  rapid  excitation  and  the 
initiation  of  chemical  reactions  is  achieved.  A wall-free  compartment  is  created  at  the 
intersection  of  laser  beam  and  reactant  gas  flow.  Typical  for  laser  driven  gas-phase  reactions  are 
high  temperature  gradients  (10^  K/m),  fast  heating  ( 1 (P  K/s)  and  fast  cooling  rates  (10^  K/s), 
which  cause  strong  gravity  induced  convection  on  ground.  Consequently,  the  particle  growth  and 
particle  properties  depend  strongly  on  the  local  conditions  in  the  reaction  zone.  This  results  in 
broad  and  often  multimodal  particle  size  distributions,  hard  agglomerates,  and  large  variations  of 
particle  characteristics  within  the  same  batch. 

Until  recently,  the  use  of  high  power  lasers  in  microgravity  research  had  been  rather  limited, 
due  to  severe  restrictions  in  terms  of  safety,  weight,  power  consumption  and  cooling 
requirements.  With  the  development  of  more  compact  and  energy  efficient  CO2  lasers  and 
multiwatt  laser  diodes,  laser  induced  gas-phase  materials  synthesis  is  now  ready  to  be  applied  in 
microgravity  research.  Compared  to  crystal  growth  from  the  melt  or  from  solution,  microgravity 
experiments  on  gas-phase  materials  synthesis  are  still  rare  and  suitable  hardware  is  not  widely 
available.  The  characteristics  and  performance  of  a first  prototype  of  a CO2  laser  driven  reactor 
for  gas-phase  materials  synthesis  and  attempts  to  synthesize  diamond  particles  in  microgravity 
are  the  topic  of  the  present  report.  Instead  of  using  a flow  reactor,  the  syntheses  were  performed 
in  batches,  i.e.,  the  laser  photolysis  of  reactant  gas  bubbles  created  in  the  center  of  a reaction 
chamber  filled  with  nitrogen.  The  experiments  were  performed  during  the  25th  ESA  Parabolic 
Flight  Campaign,  October  20  - 30,  1998  in  Bordeaux-Merignac  (France). 

HARDWARE 

The  experiment  hardware  is  shown  schematically  in  figure  1 and  in  flight  configuration  in 
figure  2.  The  experiments  were  performed  in  a reaction  chamber  located  inside  the  ESA  Multi 
User  Combustion  Chamber,  M.U.C.C.  The  latter  was  built  by  ESA  in  1986  and  had  repeatedly 
participated  in  parabolic  flights.  It  was  used  here  as  a second  containment  in  order  to  prevent  any 
combustible  gases  from  leaking  into  the  aircraft  cabin.  The  M.U.C.C.  was  connected  to  the 
Airbus  vent  line  and  thus  constantly  evacuated  during  the  flights.  The  reaction  chamber 
viewports  were  coaxially  aligned  with  the  M.U.C.C.  main  viewports.  One  axis  was  used  for  the 
laser  beam  path,  the  other  for  the  observation  and  documentation  using  Super-VHS  video 
recording  and  a 24  x 36  mm  reflex  camera.  A compact  38  W cw  CO2  laser  (X  = 10.591  pm) 
model  OPL-40  from  Oerlikon  Precision  Laser,  Crissier  (Switzerland)  was  used  for  photolyzing 
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Figure  1:  Prototype  of  a microgravity  tested  C02  laser  reactor  for  the  gas-phase  synthesis  of 
refractory  materials.  1:  ESA  Multi  User  Combustion  Chamber,  M.U.C.C.;  2:  gas  lines  and 
reaction  chamber  (inside  M.U.C.C.);  3:  38  W cw  C02  laser;  4:  laser  power  supply;  5:  0. 02  m 
HDPE  tank-  6-  peristaltic  pump  with  controller;  7:  laser  beam  guide  and  focusing  unit,  8.  laser 
beam  stop;’*  rotary  vacuum  pump;  10:  0.01  m3  N2  pressurized  gas  cylinder;  11:  notebook 
computer;  12:  SCXI  data  acquisition  and  relay  boards;  13:  Super- VHS  video  recorder;  14:  video 

monitor. 


Figure  2:  Prototype  of  C02  laser  reactor  shown  in  figure  1 in  flight  configuration.  Note  that  the 
view  depicted  in  figure  1 is  facing  the  wall. 
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the  reactant  gases.  The  laser  head  measured  440x166x89  mm,  weighed  7.7  kg  and  was  connected 
to  a Ferropac  FP800DC  28VDC/28A  power  supply.  Cooling  water  was  circulated  through  the 
laser  head  from  a 0.02  m3  tank  using  a peristaltic  pump.  The  laser  beam  was  aimed  into  the 
M.U.C.C.  and  the  reaction  chamber  through  a stainless  steel  tube  and  focusing  unit.  The  laser 
beam  was  stopped  on  the  other  side  in  a water-filled  copper  tank.  The  gas  lines  were  located 
inside  the  M.U.C.C.  Five  reactant  gas  mixtures  were  stored  in  50  ml  pressurized  gas  cylinders 
(Whitey  304L-HDF4-50).  The  pressure  was  reduced  from  74  bar  down  to  1.6  bar  with  compact 
stainless  steel  pressure  regulators.  Nitrogen  was  stored  externally  in  a 0.01  m3  pressurized  gas 
cylinder.  The  connections  to  the  reaction  chamber,  the  filter  units  and  the  rotary  vacuum  pump 
were  made  of  1/4”  copper  tubing,  21  electromagnetic  valves,  SWAGELOK  fittings  and 
WHITEY  valves.  The  pump  was  backed  up  by  the  Airbus  vent  line.  The  reaction  chamber  had  a 
volume  of  0.004  m3  and  was  built  from  a stainless  steel  double  cross  and  flange  material 
according  to  DIN  28403.  The  experiments  were  semiautomatic  and  controlled  by  software 
written  in  Borland  Pascal  7.0.  The  data  acquisition  and  control  hardware  consisted  of  an  80486 
notebook  computer  (Toshiba  Til 900),  National  Instruments  SCXI-1160  relay  boards  for 
operating  the  electromagnetic  valves  and  a SCXI-1200  DAQ  board  for  acquiring  pressure  data 

from  two  piezo-resistive  pressure  transmitters  (Keller  AG,  Winterthur,  Switzerland,  series 
PA21). 

EXPERIMENTS 

The  parabolic  flight  experiments  focused  on  the  synthesis  of  homogeneously  nucleated 
diamond  particles  [5],  C2H4  and  mixtures  of  C2H4  with  H2  and  other  reactants  were  photolyzed. 
Among  the  expected  reaction  products  were  polyaromates,  graphite,  soot,  fullerenes  and 
diamond.  In  an  attempt  to  address  some  open  questions  concerning  the  formation  of  interstellar 
microdiamonds  found  in  meteorites  [6],  mixtures  of  C2H4,  H2  and  traces  of  noble  gases  were 
photolyzed  in  order  to  study  the  incorporation  of  noble  gas  atoms  into  the  growing  diamond 
particles.  After  purging  the  gas  lines,  the  reaction  chamber  was  filled  with  nitrogen  to  a 
background  pressure  between  0.8  and  2.0  bar.  In  microgravity,  the  piston  was  actuated 
pneumatically  and  a reactant  gas  bubble  created  in  the  center  of  the  chamber.  The  bubble  was 
then  ignited  with  the  CO2  laser  beam.  The  total  pressure  and  the  reactant  gas  composition  were 
the  parameters  varied  in  the  experiment  program,  while  laser  power  and  the  amount  of  reactant 
gas  were  kept  constant.  After  each  parabola,  the  reaction  chamber  was  evacuated  through  a filter 
unit,  where  any  solid  reaction  products  were  trapped.  TEM  grids  were  installed  in  front  of  the 
filters  in  order  to  collect  an  unaltered  fraction  of  the  products.  For  increasing  the  yield,  each 
parameter  set  was  repeated  during  6 to  8 parabolas. 

Considerable  technical  problems  were  encountered  during  the  parabolic  flights.  The  notebook 
caused  a number  of  false  starts  during  the  hypergravity  phases,  because  its  keys  were  actuated  by 
their  own  weight.  This  was  temporarily  by-passed  by  changing  the  timing  of  certain  operator 
interactions  at  the  cost  of  some  microgravity  time.  During  the  second  flight  day,  the  problem  was 
permanently  solved  by  implementing  software  routines  that  constantly  read  out  the  keyboard 
buffer  during  hypergravity.  A loose  contact  in  the  video  system  and  a constant  loss  of  pump  oil 
through  the  vent  line  did  not  negatively  affect  the  experiments.  The  main  difficulties  were 
properly  aligning  the  laser  beam  and  insufficient  focusing.  Misalignment  of  the  M.U.C.C. 
viewports  during  manufacturing  and  the  requirement  to  divide  the  experiment  into  two  separate 
modules  for  complying  with  the  maximum  loads  specified  for  the  Airbus  were  responsible  for 
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this  The  reassembly  of  the  modules  in  the  aircraft  was  difficult  and  the  final  alignment  of  the 
laser  beam  far  from  perfect.  The  infrared  laser  beam  had  to  be  traced  by  creating  bum  marks  on 
pieces  of  MACROLON  (a  high-temperature  resistant  polycarbonate)  attached  to  the  viewports 
and  placed  in  the  center  of  the  reaction  chamber.  Each  laser  shot  created  a small  amount  of  black 
smoke,  too,  and  thus  caused  a contamination  of  the  reaction  chamber  we  had  to  live  with.  Due  to 
a poorly  designed  focusing  unit,  the  laser  could  not  be  sufficiently  focused.  On  ground,  the 
obtained  laser  power  density  of  -1000  W/cin  would  be  by  a factor  of  3.5  too  low  to  induce 
chemical  reactions  and  visible  light  emission  in  C2H4  [2].  In  microgravity,  longer  residence 
times  of  the  reactants  in  the  laser  beam  partially  compensated  for  this.  However,  the 
compensation  was  insufficient  and  no  visible  light  emission  was  observed. 

The  evaluation  of  the  experiments  is  not  terminated  yet.  A preliminary  examination  of  the 
TEM  grids  with  a cold  cathode  FE-TEM  (Hitachi  HF-2000)  showed  a number  of  globular 
aggregates  about  1 pm  in  size  and  consisting  of  carbon  and  oxygen.  These  particles  are  suspected 
to  represent  pyrolysis  products  from  the  MACROLON.  A number  of  carbon  onion  shells  and 
carbon  nanotubes  with  multiple  walls  was  found,  too.  However,  it  is  not  clear  at  this  moment, 
whether  these  fullerene-type  structures  represent  reaction  products  or  a contamination.  The  TEM 
grids  contained  very  few  particles  and  a first  visual  inspection  of  the  filters  did  not  show 
noticeable  amounts  of  reaction  products  either.  Thus,  it  is  not  clear  yet  whether  the  synthesis  of 
diamond  particles  and  other  products  was  successful  or  not. 

Future  projects  shall  concentrate  on  the  design  on  improved  and  less  complex  prototypes  for 
laser  reactors  suited  for  microgravity  research  including  CO2  laser  and  laser  diode  reactors. 
Research  topics  will  include  the  gas-phase  synthesis  of  a larger  range  of  suitable  model 
materials,  e.g.,  SiC,  Si3N4,  BC,  BN,  and  diamond. 
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peak  CH  absorbance  at  this  height  measured 
by  direct  absorption  is  7.5  x 1 0‘4  with  a S/N 
of  5:1.  Assuming  a uniform  2000  K flame 
temperature  along  the  4 cm  long  flame  front, 
and  using  reported  CH  electronic  transition 
moments  and  rotational  transition 
probabilities,8  we  estimate  a peak  CH  mole 
fraction  of  3 ppm.  The  2/  LIF  spectrum 
shown  in  Fig.  2c  is  taken  with  the  same 
detection  bandwidth  and  averaging  time  as 
the  2/  absorption  spectrum  in  Fig.  2b.  The 
LIF  S/N  is  excellent  and  the  2/LIF  detection 
scheme  is  effective  in  removing  interference 
from  flame  luminescence.  There  is  sufficient 
fluorescence  signal  using  the  ~50  jiW 
excitation  beam  to  perform  higher  resolution 
imaging  using  improved  imaging  optics  and 


23460.4  23460.8  23461.2 


Excitation  Frequency,  cm'1 

Figure  2 - (a)  Direct  absorption  (b)  2/ absorption  (c)  2/ 
LIF  detection  of  CH  in  an  ethylene/air  diffusion  flame. 

a linear  array  detector.  As  Fig.  3 shows,  the  use  of 


modulated  detection  methods  provides  significant  noise  reduction  relative  to  unmodulated  detection 


methods.  It  is  also  clear  that  S/N  ratios  are  limited  by  residual  etalon  fringes  and  not  source  or 


detector  noise. 


Figure  3 shows  CH  concentration  profiles  at  flame  heights  of  2 and  4 mm  above  the  burner 
surface  for  ethylene/air  and  methane/air  diffusion  flames  with  equivalent  fuel/air  mass  ratios.  These 
profiles  are  constructed  from  the  maxima  of  2/  absorption  spectra  along  different  lines-of-sight 
obtained  by  moving  the  burner  laterally  across  the  UV  laser  beam  at  a fixed  height.  A zero  mm 
lateral  position  corresponds  to  the  center  of  the  burner  and  4 mm  is  the  position  of  the  fuel/air 
interface  at  the  burner  surface.  The  peak  absorbance  decreases  and  shifts  further  away  from  the 
burner  center  as  the  height  in  the  flame  increases.  The  peak  CH  mole  fraction  in  the  methane/air 

flame  at  2 mm  is  2/3  that  in  the 


4 5 6 7 8 9 

Distance  from  Burner  Centerline,  mm 


Figure  3 - CH  concentration  profiles  measured  by 
at  for  different  fuels  and  flame  heights. 


ethylene/air  flame. 

These  peak  CH  mole  fractions  fall 
within  the  0.08  ppm  to  2 ppm  range 
estimated  by  Norton  and  Smyth,5  from 
LIF  measurements  on  a methane/air 
diffusion  flame  using  a similar  burner  and 
flow  rates,  but  at  a 9 mm  height.  They 
observe  similar  trends  in  CH 
concentration  profiles  with  changing 
height  in  the  flame.  These  mole  fractions 
are  significantly  less  than  the  100  ppm  or 
larger  values  reported  by  others.4  The 
accuracy  of  these  concentration 
determinations  can  be  improved  in  the 
future  by  incorporating  optical 
thermometry  to  measure  local  flame 
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temperatures  simultaneously  with  2/WMS  and 
LIF. 

Figure  4 compares  the  2/ absorption  signal  for 
a line-of-sight  across  the  flame  fronts,  obtained  by 
turning  the  burner  90  degrees,  with  one  taken  at 
the  same  height,  but  parallel  to  the  diffusion  flame 
front.  The  “perpendicular”  spectrum  is  magnified 
by  a factor  of  20  and  is  an  average  of  1,500 
sweeps,  while  the  “parallel”  spectrum  is  an 
average  of  200  sweeps.  The  upper  spectrum 
shows  an  S/N  of  about  3:1  with  an  absorbance 
amplitude  of  5 x 101 2 3 4  5.  The  baseline  noise  stems 
from  residual,  incomplete  subtraction  of 
background  etalons.  Absorbance  detection  limits 
of  10-  are  routinely  achievable  with  WMS  when  FiS"re4  ’ y^otption  spectra  of  CH  acquired 
, : . . , perpendicular  and  parallel  to  the  flame  front, 

care  is  taken  to  eliminate  laser  source  noise  and  r 

optical  etalons  from  the  system. 1 Laser  source  noise  is  not  observed  with  the  present  apparatus.  We 
expect  to  reduce  etalon  fringes  with  improvements  to  the  optical  components  (such  as  AR  coatings, 
non-parallel  optical  faces  and,  if  needed,  active  etalon  suppression)  and  obtain  detection  limits 
approaching  10  6 7 8 without  background  subtraction. 

In  conclusion,  the  feasibility  of  detecting  combustion  radicals  with  simultaneous  phase-sensitive, 
spatially  resolved  LIF  and  line-of-sight  WMS  absorption  measurements  has  been  demonstrated  in 
an  atmospheric  pressure  diffusion  flame.  The  WMS  absorption  measurements  afford  a quantitative 
measure  of  the  integrated  absorbance  along  the  line-of-sight  with  much  greater  sensitivity  than  direct 
absorption  measurements.  Extending  this  technique  to  monitoring  other  important  combustion 
radical  species  is  currently  limited  by  the  availability  of  single  frequency,  high  power  pump  diode 
lasers  and  suitable  nonlinear  crystals.  By  increasing  near-infrared  laser  power  though  power 
amplifiers  and  tripling  or  quadrupling  diode  laser  outputs,9  accessing  other  UV  to  VUV  wavelengths 
is  possible  and  would  allow  measurement  of  OH,  NO,  S02  and  other  species.  In  addition,  this  diode 
laser-based  approach  is  suitable  for  demanding  applications  such  as  microgravity  drop-tower 
experiments  where  compact,  rugged  and  energy  efficient  instrumentation  is  required. 

This  work  was  supported  by  the  NASA  Lewis  Research  Center  under  contract  NAS3-98044.  We 
thank  Dr.  Nancy  Piltch  of  NASA  GRC  for  helpful  suggestions. 
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Introduction 

Investigations  of  the  dynamics  of  flame  spread  over  combustible  surfaces  in  microgravity 
are  critical  to  spacecraft  fire  safety,  as  well  as  for  the  understanding  of  fundamental  fire 
phenomena.  In  the  absence  of  gravity- induced  buoyancy  and  forced  convection,  heat  transfer 
between  the  flame  and  the  surface  is  dominated  by  conductive  and  radiative  mechanisms.1  The 
detailed  understanding  of  these  mechanisms  requires  direct,  quantitative  observations  of  the 
spatial  propagation  and  radiative  fluxes  of  key  flame  product  species  such  as  CQ  and  I^O 
These  observations  can  be  performed  non-intrusively  in  a microgravity  combustion  experiment  by 
o serving  spatially  and  spectrally  resolved  infrared  emission  from  the  product  molecular  species. 
Additional  flame  species  which  can  potentially  be  observed  in  this  manner  include  CO,  N20,  OH, 
NO,  hydrocarbon  vapor,  and  soot  particles.  The  species-specific  band  structures  of  the  molecular 
emissions  enable  discrimination  between  gas  phase,  particulate,  and  hot  surface  contributions  to 
the  observed  emission.  In  addition,  the  observed  band  shapes  and  intensities  can  be  analyzed 
quantitatively  to  determine  species  abundances,  temperatures,  and  optical  thickness  effects.  Such 
measurements  are  critically  important  for  evaluating  unsteady  combustion  models. 


We  have  recently  initiated  a research  program  to  implement  our  previously  developed 
Adaptive  Infrared  Imaging  Spectrometer  (AIRIS)  instrument  concept  for  high-speed,  wavelength- 
tunable,  and  quantitative  spatial  imaging  of  mid-infrared  (2  to  5 pm)  flame  and  fuel  surface 
emission  in  microgravity  combustion  experiments.  AIRIS  is  a compact,  wavelength-scanning 
spectral  imager  based  on  the  use  of  a low-order  Fabry-Perot  interferometer  coupled  to  an  infrared 
detector  array.  We  plan  a four-year  project  to  (1)  demonstrate  and  optimize  the  AIRIS  prototype 
instrument  and  quantitative  infrared  spectroscopic  methods  for  normal-gravity  laboratory  flames, 
(2)  design  the  integration  of  AIRIS  with  planned  reduced-gravity  experiments  on  unsteady  flame 
propagation,  and  (3)  conduct  reduced-gravity  flight  tests  using  the  prototype  AIRIS  filter  In  this 
effort,  we  will  collaborate  closely  with  the  SIBAL  (Solid  Inflammability  Boundary  at  Low  Speed) 
research  team  at  NASA/Glenn  and  Case  Western  Reserve  University.2 

Infrared  Emission  and  Flame  Spread 

In  addition  to  observing  the  phenomenological  spread  of  the  flame  in  microgravity,  it  is 
important  to  observe  the  production  and  spread  of  the  key  combustion  product  species  C02  H O 
CO  hydrocarbons,  and  soot  particles.  C02  and  H20  are  responsible  for  much  of  the  heat  transfer’ 
to  the  fuel  surface  through  infrared  radiation  and  conduction,  the  gas  phase  hydrocarbons  provide 
the  impetus  for  continued  combustion,  and  CO,  C02,  and  soot  particles  are  deleterious 
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Figure  1.  Computed  band  strengths  and  band  shapes  for 
high-temperature  infrared  emission. 
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Unlike  conventional  Fabry-Perot  interferometers  atric  ,,t  t 
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selectively  transmitted  by  constructive  interference  through  mJf  erferometeT  bght  is 
parallel  mirrors,  forming  a concentric  ring  pattern  for  an  § h ^ °f  tW°  partiaUy  reflecting 

The  prototype  AIRIS  instrument  is  diagrammed  in  Fieure  ? Th<^  inct 
configured  to  operate  in  the  3 5 tn  s i ..m  S , , gure  2'  mstrument  is  currently 

3.4  pm  region  as  pm  of  Iws  program  XT  ' 7*  ^ te  “™W  **>  .he  2 to 
capacitance  micrometry  rami  pLtion  C“pl°yS.a  tunablc  interferometer  module  with 

interfaced  to  a microprocessor  hased  uremen  and  piezoelectric  mirror  actuators  which  are 

InSb  focal  pi iTw  23?  ■’T?  W!  Pre™usly  taerfaced  a number  of 

120)  and  Amber  EngLering  (128  x M X6  fr°m  Cindn"atti  Electronics  (160  x 

calibrations  are  performed  with  a Wghde^^ 

Summary 


ofcombii^^r^md"1^11  em,SSi°"  SpeCtrOSCOpic  ™th°*  the  analysis 
microgravity  and  «*  *PPBcation  of  this  method  to 

this  non-intrusive  measufemem  method  f Fably'Perot  mlaSl,|g  technique.  We  plan  to  develop 
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Figure  2.  Layout 


of  AIRIS  system  including  interferometer  and  InSb  focal  plane  array. 
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INTRODUCTION  . mirr0oravitv  laminar  jet  diffusion 

This  paper  discusses  planned Particle-Image  Velocimetry  (PIV)  in  the 
flames.  These  measurements  will  be  condu  J of  judgmental  interest  and  may 

NASA  Glenn  2.2-second  drop  tower.  emissions  from  practical  combustors.  The 

ultimately  lead  to  improved  efficiency  an  ecr  ^ vtical  and  numerical  combustion  models, 

velocity  measurements  will  support  t e eva  ua  1 configuration.  Laminar  jet 

There  is  strong  motivation  for  the  to  myriad  advances  in 

flames  are  fundamental  to  combustion  and  ei  computational  and  diagnostic 

combustion  science,  including  t e eve  °p  pertinent  to  the  turbulent  flames  of  more 

■ntfXes  length  scales  and  spat, a,  resolution,  and  limits  the 

variability  of  residence  time.  diffusion  flames  have  been  thoroughly  examined 

Whereas  many  normal-gravity  lamin  j mmnnsitions  sooting  behavior  and  emissive 

(including  measurements  of  velocities,  tempera  ure  , flames  have  been  less  complete 

and  absorptive  properties),  measurements  ^visioned  that  our  velocity 

me^ur^erits  wih  fid  understanding  of  nonbuoyant  laminar  jet  flames. 

Cochran  and  co-workers  (Edelman  et  a . , , t [ 1999  1993  and  references  cited 

subsequent  studies  by  Bahadori  and  Sunderland  et  al, 

therein),  were  mostly  confined  to  measuremen  buoyant  and  nonbuoyant  jet  diffusion 

(1999)  sought  to  measure  true  st01ch“”^“^a^erized  Wenty-one  flames  in  the  Laminar  Soot 
flames,  Faeth  and  co-workers  ch ^ have  ^ tw0  other  flight 

Processes  (LSP)  flight  experiment  (Urban  et  ak  199  y en(  Gas.Je,  Diftusion  Flames 

experiments  which  considered  laminar  je  1 s ' ikLF'  Lee  et  al  1997).  Other  recent 

(TODF;  Bahadori  e,  al.  1997)  and  Enclosed  Laminar  F'^ELF  Lee  et  aL  19  ^ 

-es  remains 


* presented  at  the  Fifth  International  Microgravity  Combustion  Workshop, 


Cleveland,  1999. 
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canje  fully  evaluated  ViSC°US  d‘SSipa,i°n;  "°ne 

and^ Schumann  ^ v7^Z  Tol^TZT'^  ^ <B <*» 

dissipation  (Roper  1977;  Markstein  and  De  Ris  lWTSaito  et™  |W ”7'  "'"’“a'  V1SC°US 
wtthout  buoyancy  (Kanury  1975;  Spalding  1979;  Klajn  and  O^penhei^  i'w  ^kJo^TC!’ 

PLANNED  TEST  CONDITIONS 

PLANNED  PIV  MEASUREMENTS 

Laboratory-based  development  of  Particle-Image  Velocimetrv  ipiv^  ;*  • 
experiments  should  resolve  issues  related  ^ hT^  ^ <PIV>  >s  «*  progress.  These 

3E 
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control  without  gravity.  The  present  approach  combines  cyclonic  a^^bdem  entrm^em  and 
has  been  successfully  demonstrated  in  previous  nucrogravity  Laser-Doppler  Velocun  try 

mTpacemanTpower  constraints  introduce  challenges  to  the  PIV  system  desigm  Compactness  for 
example,  motivates  short  focal  length  optics.  Large  numerical  apertures  are  desirabhi  sme^they 

howewrr  “SoAfSgleSd  a^-d^nLt  actions  ^11  degrade  the  determination 

the  2.2-second  drop  tower,  enabling  medium  to  high  collection  Pnumber  operation  and  control  o 

^Acquisition  and  processing  are  being  approached  through  a combination  of  commercial 
and  in-house  resources.  A commercial  system  for  image  acquisition  and  storage  will  pro 
reauired  triggers  for  synchronizing  the  laser  source  and  imaging  array.  A frame-straddling  CC 
Mmera  vriU^aUow  cross-correlation  data  reduction.  This  method  is  optimal  since  ..  provides 
directionally-resolved  velocity  vectors,  no  self-correlation  peak,  and  hence  no  restriction  o 

of  processed  vector  maps. 
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and  Microgravity  Sciences  and  Applications.  Discussions  with  H.  D.  Ross  are  gr  y 
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INTRODUCTION 

The  ability  of  solid-state  lasers  to  be  tuned  in  operating  frequency  at  MHz  rates  by  input 
current  modulation,  while  maintaining  a relatively  narrow  line-width,  has  made  them  useful  for 
spectroscopic  measurements.  Their  other  advantages  include  low  cost,  reliability,  durability, 
compact  size,  and  modest  power  requirements,  making  them  a good  choice  for  a laser  source  in 
micro-gravity  experiments  in  drop-towers  and  in  flight.  For  their  size,  they  are  also  very  bright. 
In  a filtered  Rayleigh  scattering  (FRS)  experiment1’2’3  a diode  laser  can  be  used  to  scan  across  an 
atomic  or  molecular  absorption  line,  generating  large  changes  in  transmission  at  the  resonances 
for  very  small  changes  in  frequency.  The  hyperfme  structure  components  of  atomic  lines  of  alkali 
metal  vapors  are  closely  spaced  and  very  strong,  which  makes  such  atomic  filters  excellent 
candidates  for  sensitive  Doppler  shift  detection  and  therefore  for  high-resolution  velocimetry.  In 
the  work  we  describe  here  we  use  a Rubidium  vapor  filter,  and  work  with  the  strong  D2 
transitions  at  780  nra  that  are  conveniently  accessed  by  near  infrared  diode  lasers. 

The  low  power  output  of  infrared  laser  diodes  is  their  primary  drawback  relative  to  other  laser 
systems  commonly  used  for  velocimetry.  However,  the  capability  to  modulate  the  laser  frequency 
rapidly  and  continuously  helps  mitigate  this.  Using  modulation  spectroscopy  and  a heterodyne 
detection  scheme  with  a lock-in  amplifier,  one  can  extract  sub-microvolt  signals  occurring  at  a 
specific  frequency  from  a background  that  is  orders  of  magnitude  stronger.  The  diode  laser 
modulation  is  simply  achieved  by  adding  a small  current  modulation  to  the  laser  bias  current.  It 
may  also  be  swept  repetitively  in  wavelength  using  an  additional  lower  frequency  current  ramp. 

THEORY 

When  the  laser  beam  is  scattered  from  a flow  the  Rayleigh  (and  Mie)  scattered  light  is 
Doppler  shifted  according  to  the  equation: 

V V 

Doppler  ~ ^ \}V*@S  ~ *U]  ~ ( 1 ) 

The  factor  containing  unit  vectors  in  brackets  arises  from  the  geometry  of  the  experiment  and 
is  of  order  unity.  If  the  unshifted  beam  ( V—O)  is  set  on  the  edge  of  a particular  hyperfine 
component  of  Rb,  then  in  a moving  gas  (V*0)  the  Doppler  effect  shifts  the  scattered  light  to  a 
new  frequency  that  is  attenuated  differently  by  the  atomic  filter.  Velocity  fluctuations  are  thus 
converted  to  intensity  fluctuations  in  principle.  In  practice,  a normalizing  scheme  is  needed  to 
account  for  the  fact  that  the  intensity  of  the  scattered  signal  itself  fluctuates  because  of  fluid 
density  fluctuations  or  because  of  variations  in  the  density  of  small  particulates  carried  in  the 
flow.  Ambient  light  interferences  can  be  a problem  because  the  Rayleigh  signal  is  weak 
particularly  when  using  a cw  (continuous  wave)  solid-state  laser. 

To  improve  detectability  in  the  MFRS  technique  we  perform  frequency  modulation 
absorption  spectroscopy4  using  the  Rayleigh  scattered  light  as  a light  source.  Conventional 
modulation  absorption  spectroscopy  is  used  to  distinguish  a weak  absorption  on  a relatively 
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strong  laser  signal.  In  our  work  we  use  it  to  detect  a relatively  strong  absorption  but  on  a weak 
signal.  Synchronous  detection  provides  very  high  rejection  of  interferences,  so  weak  signals  and 
ambient  light  Eire  much  less  of  a problem.  Additionally,  the  modulation  of  the  laser  frequency 
that  is  needed  for  MFRS  also  provides  a simple  means  of  stabilizing  the  laser  frequency  and 
improving  the  measurement  precision  still  further. 

EXPERIMENTAL  SETUP  . 

Figure  1 is  a schematic  diagram  of  an  MFRS  experimental  set-up.  A small  portion  of  the 
laser  beam  is  split  off  to  a reference  arm  containing  a Rb  cell.  The  modulation  spectrum  recorded 
by  the  detector  (A)  in  this  arm  provides  an  absolute  frequency  reference.  The  major  portion  of  the 
beam  is  focused  into  the  flow  being  studied.  The  Rayleigh  and  Mie  scattered  signal  is  collected 
and  split  into  two  beams  via  a 50/50  beam  splitter.  One  beam  is  passed  to  a reference  detector 
(B),  the  second  part  is  filtered  through  another  Rb-cell  before  being  detected  on  detector  C.  The 
ratio  of  the  two  signals  gives  the  fractional  transmission  and  thus  removes  the  dependence  on 
density  of  scatterers  in  the  flow.  The  probe  beam  is  set  at  135°  from  the  flow  direction,  while  the 
scattered  light  collection  axis  is  45°  from  the  flow,  i.e.  at  90°  to  the  laser  beam,  all  in  the  plane  of 
the  optical  table  on  which  the  experiment  is  nm.  If  two  velocity  components  are  measured 
simultaneously  a second  set  of  collection  optics  is  located  directly  opposite  the  first.  The 
measurement  volume  of  approximately  0.2mm5  is  at  the  intersection  of  the  laser  and  the  focus  of 
the  collection  optics.  In  preliminary  experiments  we  made  measurements  in  a supersonic  jet  of 
CO2  that  forms  a fine  fog  that  serves  as  a Rayleigh-Mie  scattering  source. 

The  system  may  be  operated  in  one  of  two  modes.  In  the  first  mode  the  laser  is  scanned 
across  several  hyperfine  components  so  as  to  record  a portion  of  the  spectrum.  The  displacement 
between  the  derivative  spectra,  recorded  simultaneously  in  the  reference  and  signal  arms,  gives 
the  Doppler  shift  and  thus  the  flow  velocity.  One  advantage  of  this  mode  is  that  one  can  dispense 
with  the  reference  detector  (B)  in  the  signal  arm  provided  the  mean  scattering  density  is  constant 
and  the  time  constant  of  the  detection  scheme  is  long  enough  to  average  out  density  fluctuations. 
The  disadvantage  is  that  the  temporal  resolution  is  limited  both  by  the  need  to  average  out  such 
fluctuations,  and  by  the  need  to  scan  the  laser.  One  velocity  measurement  is  obtained  per  scan  in 
this  mode.  In  the  second  mode  the  laser  is  operated  at  a fixed  frequency  and  the  magnitude  of  the 
normalized  derivative  provides  a direct  measure  of  the  velocity  and  its  fluctuations.  Here  the 
reference  beam  is  required  to  normalize  scattering  density  fluctuations.  This  signal  also  provides 
a measure  of  Rayleigh  cross-section  weighted  density  fluctuations,  which  gives  density  directly 
in  flows  of  fixed  composition.  For  reacting  flows  specially  tailored  mixtures  can  be  used  so  that 
the  scattered  signal  directly  provides  mixture  fraction5  or  temperature.6  In  this  mode  the  temporal 
resolution  is  limited  by  the  averaging  time  constant  of  the  synchronous  detection  scheme  but  the 
laser  frequency  must  be  stabilized  to  prevent  drifts.  However,  the  modulation  scheme  offers  a 
simple  and  convenient  way  of  doing  this  using  a feedback  signal  generated  in  the  reference  arm. 

RESULTS 

Preliminary  experiments  have  been  made  to  validate  the  MFRS  concept  using  the  sweep 
mode  of  velocity  measurement.  The  Doppler  shift  is  determined  from  a cross-correlation  between 
the  shifted  and  unshifted  signal  traces,  with  the  frequency  scaling  determined  from  the  known 
separation  of  the  hyperfine  components.  The  local  jet  velocities  inferred  from  the  measurements 
were  300  m/s  with  a variation  of  ±5%  that  is  largely  due  to  unsteadiness  of  the  condensing  jet. 

A simple  feedback  stabilization  of  the  laser  has  also  shown  itself  to  be  very  effective.  The 
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frequency  stability  was  measured  by  setting  the  laser  to  a frequency  on  the  edge  of  a narrow  Rb 
peak  and  monitoring  the  value  of  the  reference  lock-in  output.  Without  feedback  the  laser 
frequency  jittered  about  ±11  MHz,  and  drifted  by  78  MHz  over  a span  of  8 s.  These  translate  to 
an  uncertainty  in  velocity  of  9 and  43  m/s  respectively  for  this  experimental  configuration.  There 
was  a marked  improvement  in  laser  stability  with  feedback,  and  the  jitter  was  reduced  to  ±290 
kHz  with  a drift  of  1.2  MHz  over  8 s.  Laser  frequency  drifts  would  then  only  contribute  an 
uncertainty  in  velocity  of  ±0.16  m/s  under  these  conditions.  An  optimized  feedback  control  loop 
should  improve  the  frequency  precision  by  more  than  an  order  of  magnitude  so  we  can  probably 
reduce  the  velocity  error  associated  with  laser  frequency  drift  to  negligible  levels.  Frequency 
stabilization  of  diode  lasers  via  feedback  is  a well-established  technology7  8 and  diode  lasers  have 
been  stabilized  to  less  than  1 kHz.9 

CONCLUSIONS 

Velocity  measurements  with  an  inexpensive  prototype  MFRS  system  have  been  made  in  a jet 
of  condensing  CO2.  The  use  of  modulation  spectroscopy  techniques  and  precise  feedback 
stabilization  of  the  diode  laser  show  promise  of  providing  high-resolution  continuous  velocity 
measurements  with  a diode  laser  system. 

Future  work  will  involve  implementing  the  fixed  frequency  technique,  to  obtain  continuous 
velocity  measurements,  and  extension  to  unseeded  flows.  The  addition  of  a second  detection  arm 
opposite  the  first  will  allow  for  simultaneous  measurement  of  two  velocity  components  with  a 
single  laser  beam,  which  would  be  significantly  less  complex  than  most  other  two-axis  laser 
velocimetry  techniques.  Finally,  in  collaboration  with  Prof.  Linne  of  the  Colorado  School  of 
Mines,  we  wish  to  extend  the  technique  to  simultaneous  multi-point  velocity  measurements 
along  a line  using  the  demodulating  linear  detector  arrays  they  are  developing. 
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ABSTRACT 

ORBITEC  is  developing  methods  for  producing,  testing,  and  utilizing  Mars-based  ISRU 
fuel/oxidizer  combinations  to  support  low  cost,  planetary  surface  and  flight  propulsion  and  power 
systems.  When  humans  explore  Mars  we  will  need  to  use  in  situ  resources  that  are  available,  such 
as:  energy  (solar);  gases  or  liquids  for  life  support,  ground  transportation,  and  flight  to  and  from 
other  surface  locations  and  Earth;  and  materials  for  shielding  and  building  habitats  and 
infrastructure.  Probably  the  easiest  use  of  Martian  resources  to  reduce  the  cost  of  human 
exploration  activities  is  the  use  of  the  carbon  and  oxygen  readily  available  from  the  CO2  in  the 
Mars  atmosphere.  ORBITEC  has  conducted  preliminary  R&D  that  will  eventually  allow  us  to 
reliably  use  these  resources.  ORBITEC  is  focusing  on  the  innovative  use  of  solid  CO  as  a fuel.  A 
new  advanced  cryogenic  hybrid  rocket  propulsion  system  is  suggested  that  will  offer  advantages 
over  LCO/LOX  propulsion,  making  it  the  best  option  for  a Mars  sample  return  vehicle  and  other 
flight  vehicles.  This  technology  could  also  greatly  support  logistics  and  base  operations  by 
providing  a reliable  and  simple  way  to  store  solar  or  nuclear  generated  energy  in  the  form  of 
chemical  energy  that  can  be  used  for  ground  transportation  (rovers/land  vehicles)  and  planetary 
surface  power  generators.  This  paper  describes  the  overall  concept  and  the  test  results  of  the  first 
ever  solid  carbon  monoxide/oxygen  rocket  engine  firing. 

INTRODUCTION 

To  enable  cost-effective,  in  situ  production  of  Mars  atmosphere-derived  oxidizers  (oxygen)  and 
fuels  (carbon  monoxide)  work  needs  to  be  achieved  in  the  development  of  processes  to  form  the 
propellants  into  a usable  form  and  work  needs  to  be  achieved  in  the  demonstration  of  their  use 
and  performance  of  the  propellants  in  applications  involving  rocket  propulsion,  ground-based 
rovers  that  use  IC  or  turbine  engines,  and  electric  power  generation  systems.  It  is  believed  that  by 
using  the  baseline  C/O  system,  in  the  proper  fuel  form  (CO  gas,  solid)  that  significant  economic 
dividends  can  be  achieved  for  the  HEDS  enterprise.  The  production  of  oxygen  and  carbon 
monoxide  through  solid  state  electrolysis  appears  to  be  well  in  hand  by  K.  R.  Sridhar  at  the 
University  of  Arizona.  Hardware  is  now  being  prepared  to  fly  to  Mars  for  an  ISRU  demo.  Diane 
Linne  of  NASA/GRC  is  a proponent  of  a LCO/LOX  propulsion  system  and  has  begun  testing 
with  a flight-weight  chamber.  However,  a propulsion  system  study  recently  reported  by  JPL  was 
not  favorable  to  rocket  performance  of  ISRU  - LCO/LOX,  because  of  the  heavy  tank  needed  to 
store  the  LCO  under  the  guidelines  used  in  the  study.  However,  with  our  significant  innovative 
work  and  the  successful  hot  firing  demonstrations  of  cryogenic  solid  hybrid  rocket  engines  for 
NASA  and  the  USAF,  including  SH2,  SOX,  SCH4,  and  SC2H2,  the  concept  of  a solid  CO  fuel 
grain  is  recommended  to  alleviate  the  heavy  weight  tank  problem. 

CO  gas  can  be  directly  frozen  to  a uniform  solid  hybrid  fuel  grain  below  the  triple  point 
temperature  (68  K)  by  using  subcooled  LOX  as  the  freezing  fluid  and  oxidizer  in  a cryogenic 
hybrid  engine.  The  heavy  tank  associated  with  LCO  is  eliminated  and  a much  lighter  propulsion 
system  can  now  be  developed  that  will  be  the  most  simple  and  low-cost  approach.  Mars- 
produced  fuels  and  oxidizers  will  enhance  and/or  enable  a variety  of  Mars  exploration  missions  by 
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providing  a very  cost-effective  supply  of  propellants.  The  establishment  of  practical  feasibility 
could  result  in  an  absolutely  significant  cost  savings  to  our  exploration  programs. 

INITIAL  TEST  FIRING  AND  RESULTS 

On  January  29,  1998,  ORBITEC  performed  the  first  ever  test  firing  of  a solid  CO/GOX 
propellant  combination  in  the  ORBITEC  Mark-II  Cryogenic  Hybrid  Rocket  Engine.  Ideal 
performance  using  the  GRC  CEA  performance  code  is  shown  in  Figure  1 for  an  expansion  ratio 
of  100  and  a chamber  pressure  of  500  psia.  A schematic  of  the  ORBITEC  Mark-II  Cryogenic 
Hybrid  Rocket  Engine  is  shown  in  Figure  2.  100  grams  of  solid  CO  was  frozen  onto  the  inside  of 
the  cylindrical  chamber  of  the  engine.  LHe  was  used  to  freeze  and  cool  the  CO  for  the  test.  The 
freezing  pressure  was  on  the  order  of  1 Torr.  The  freezing  process  took  29  minutes;  however,  it 
could  have  been  faster  if  we  had  increased  the  CO  flow  rate.  Based  on  previous  experience,  we 
estimate  that  the  CO  was  approximately  10  K just  prior  to  the  test  firing.  The  grain  appeared 
slightly  green  in  color  and  looked  uniform  and  smooth.  Video  of  the  formation  and  firing  were 
taken  and  recorded.  A gaseous  H/O  ignitor  was  used  that  provided  a hydrogen-rich  hot  gas  to 
the  grain  as  the  GOX  flow  was  initiated.  The  ignition  was  smooth.  The  chamber  pressure  during 
the  bum  is  shown  in  Figure  3.  The  pressure  steadily  increased  as  the  firing  progressed.  Based 
upon  comparison  to  other  firings  using  other  propellants,  thermocouple  data  showed  that  it  was 
very  hot  - indicating  a close  to  an  optimum  bum.  The  oxygen  flow  rate  was  controlled  to  a 
steady  flow  of  6 grams  per  second.  Figure  4 shows  the  estimated  O/F  ratio.  At  the  beginning  of 
the  bum  the  O/F  ratio  was  0.7;  at  the  end  of  the  bum  the  O/F  ratio  was  about  0.4.  The  estimated 
C*  efficiency  was  -83%.  The  calculated  average  O/F  ratio  was  0.57  (ideal  is  0.5  for  maximum 
performance,  as  shown  in  Figure  1).  We  expect  to  be  able  to  control  the  O/F  ratio  to  the  desired 
level  in  the  next  generation  engine.  Figure  5 summarizes  ORBITEC’ s regression  rate  data  for 
various  solid  cryogens,  including  solid  carbon  monoxide.  The  regression  rate  for  SCO  is  about  an 
order  of  magnitude  higher  than  conventional  fuels/oxidizers  and  about  a factor  of  2 less  than 
SCH4/GOX. 

CONCLUSIONS 

The  conclusions  reached  from  the  first  SCO/GOX  test  are:  SCO  can  be  easily  and  quickly  formed 
in  a solid  grain  that  looks  structurally  sound;  SCO  bums  very  well  with  GOX  - it  has  been  one  of 
the  smoothest  burning  cryogenic  solids  that  we  have  tested;  the  pressure  change  with  time  was 
primarily  due  to  the  increase  in  area  as  the  grain  regressed  — the  increase  in  grain  temperature  is 
also  believed  to  be  a contributor;  the  optimum  O/F  ratio  was  achieved;  and  the  test  shows  great 
promise  for  the  SCO/LOX  propellant  combination  for  use  in  a Mars  Sample  Return  mission  and  a 
wide  variety  of  other  Mars  exploration  applications. 
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INITIAL  TEST  FIRING  RESULTS  FOR  SOLID  CO/GOX  CRYOGENIC  HYBRID  ROCKET:  E.  E.  Rice,  et  al. 


Figure  1.  Solid  CO/LOX  Theoretical  Isp  vs  O/F  Ratio  for  e=100,  Pc-  500  psia 


Figure  2.  ORBITEC’s  Mark  II  Cryogenic  Hybrid  Rocket  Engine 


Figure  3.  SCO/GOX  Combustion  Chamber  Pressure  Plot  for  SCO/GOX  Static  Firing 
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INITIAL  TEST  FIRING  RESULTS  FOR  SOLID  CO/GOX  CRYOGENIC  HYBRID  ROCKET:  E.  E.  Rice,  et  al. 


Figure  4.  Estimated  O/F  Ratio  for  SCO/GOX  Static  Firing 
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Figure  5.  ORBITEC’s  Composite  Regression  Rate  Data  for  Cryogenic  Solid  Propellants 
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COMBUSTION  OF  HAN-BASED  MONOPROPELLANT  DROPLETS 

IN  REDUCED  GRAVITY 

B.  D.  Shaw,  MAE  Department,  University  of  California,  Davis,  CA  95616 


INTRODUCTION 

The  objective  of  this  research  is  to  study  combustion  of  monopropellant  droplets  and  monopropellant  droplet 
components  in  reduced-gravity  environments  so  that  spherical  symmetry  is  strongly  promoted.  The  experiments  will 
use  hydroxylammonium  nitrate  (HAN,  chemical  formula  NH3OHNO3)  based  monopropellants.  This  class  of 

monopropellant  is  selected  for  study  because  of  its  current  relevance  and  also  because  it  is  relatively  benign  and  safe 
to  work  with. 

For  some  background,  HAN  is  a major  constituent  in  a class  of  liquid  monopropellants  that  have  many  attractive 
characteristics  and  which  display  phenomena  that  differ  significantly  from  other  liquid  monopropellants  [11.  They 
are  composed  primarily  of  HAN,  H20  and  a fuel  species,  often  triethanolammonium  nitrate  (TEAN).  HAN-based 
propellants  have  attracted  attention  as  liquid  gun  propellants  (e.g.,  [1]),  and  are  attractive  for  NASA  spacecraft 
propulsion  applications  [2],  A representative  propellant  is  LPG  1845.  This  mixture  has  a HAN-to-TEAN  molar  ratio 
ot  7 and  is  16.8%  H20  by  weight.  This  propellant  is  stoichiometric  to  N2,  C02  and  H20,  and  has  an  adiabatic  flame 

temperature  of  about  2800  K.  At  pressures  below  about  6 atm,  combustion  cannot  be  sustained.  Experiments  have 
shown  that  these  liquid  monopropellants  cannot  be  ignited  at  atmospheric  pressure,  are  non-detonable  and  are 
essentially  benign  regarding  health  and  safety  risks,  making  them  reasonably  safe  to  work  with. 

Previous  research  on  HAN-based  propellants,  which  has  all  been  performed  in  normal  gravity,  has  shown  that 
combustion  of  HAN-based  mixtures  proceeds  sequentially  (see,  e.g.,  [3]).  Condensed-phase  HAN  decomposition 
occurs  first,  releasing  some  heat  and  substantial  amounts  of  N2,  H20,  N20,  NO,  and  N02.  [3,4],  HAN 

decomposition  gasifies  at  least  some  of  the  liquid  water,  and  molten  salt  droplets  of  the  fuel  species  are  then  thought 
to  be  formed;  these  droplets  react  primarily  with  gaseous  oxides  of  nitrogen  (which  result  from  HAN 
decomposition),  releasing  most  of  the  heat  of  combustion.  While  providing  valuable  information,  previous  research 
has  not  been  able  to  accurately  determine  surface  regression  rates  of  HAN-containing  liquids.  In  addition,  only 
limited  studies  have  been  reported  on  TEAN  reactions,  and  no  studies  of  the  behaviors  of  TEAN  (or  other  fuel) 
droplets  have  been  reported. 

In  this  research,  experimental  and  theoretical  studies  will  be  performed  on  reduced-gravity  combustion  of  liquid 

based  on  HAN  The  research  will  involve  studying  combustion  of  HAN/water  droplets 
HAN/TEAN/water  droplets,  TEAN  particles,  and  TEAN/water  droplets.  Droplets/particles  initially  in  the  mm  size 
range  will  be  studied  at  pressures  up  to  30  atm.  These  pressures  are  directly  applicable  to  spacecraft  thruster 
applications  [2].  The  samples  will  be  placed  in  Ar  environments  with  various  amounts  of  N2,  O2,  N02  and  N20. 

The  experimental  studies  will  utilize  reduced  gravity  to  strongly  promote  spherically  symmetrical  combustion  This 
will  allow  observations  of  burning  rates  and  flame  structures  to  be  made  without  the  complicating  effects  of  buoyant 
and  forced  convection  (especially  in  regimes  where  ordinary  strand  burner  results  are  strongly  influenced  by 
hydrodynamic  instabilities,  rendering  interpretation  of  experimental  data  difficult  [5,6]). 

This  research  will  yield  information  on  the  fundamental  combustion  mechanisms  of  HAN- 
based  liquid  propellants.  The  experimental  studies  will  allow  for  accurate  determination  of 
fundamental  data  on  deflagration  rates,  gas-phase  temperature  profiles,  transient  gas-phase  flame 
behaviors,  the  onset  of  bubbling  in  droplets  at  lower  pressures,  and  the  low-pressure  deflagration 
limit.  The  theoretical  studies  will  provide  rational  models  of  deflagration  mechanisms  of  HAN- 
based  liquid  propellants.  Besides  advancing  fundamental  knowledge,  the  proposed  research 
should  aid  in  applications  (e.g.,  spacecraft  thrusters  and  liquid  propellant  guns)  of  this  unique 
class  of  monopropellants. 
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EXPERIMENTAL  RESEARCH  „ , , , ........ 

This  research  will  involve  studying  combustion  characteristics  of  droplets/particles  initially  in 

the  mm  size  range.  A drop  rig  will  be  constructed  at  UC  Davis  and  used  at  the  NASA  Lewis  2.2 
Sec  Drop  Tower.  The  design  of  this  drop  rig  will  be  primarily  based  upon  the  droplet  combustion 
test  rigs  that  are  presently  in  use  at  the  NASA  Lewis  Research  Center.  However,  for  these 
experiments,  the  pressure  vessel  will  be  modified  to  allow  pressures  up  to  30  atm  to  be  achieved. 
Pressures  in  this  range  are  representative  of  pressures  which  apply  to  spacecraft  thrusters  [2J.  A 
schematic  of  major  components  within  and  around  the  pressure  vessel  is  shown  in  Fig.  1.  This 
vessel  will  be  mounted  on  a drop  frame  with  imaging,  electronic  and  fluid  handling  systems. 


Backlight 


Stepper  Motor 


Figure  1 . Schematic  diagram  of  the  pressure  vessel  and  associated  apparatus. 


As  shown  in  Fig.  1,  orthogonal  views  will  be  used.  One  view  will  be  used  to  image  droplets 
and  the  other  view  will  be  used  to  image  flames.  The  droplet  view,  which  will  be  backlit,  will 
utilize  a high-speed  camera  to  capture  transient  droplet  behaviors.  The  flame  view  will  not  be 
backlit,  and  two  cameras  will  actually  be  used  to  image  flames.  A 16  mm  cine  camera  (or  high- 
speed video  camera)  will  be  used  to  image  gas-phase  combustion  behaviors,  and  an  intensified- 
array  CCD  camera  will  be  used  to  image  OH  emissions.  Not  shown  in  Fig.  1 is  the  ignition 
system,  the  fuel  delivery  system,  and  a thermocouple  rake  that  will  be  used  to  measure  gas-phase 

temperatures.  , 

The  expected  combustion  behavior  for  a HAN/TEAN/water  droplet  is  shown  in  Fig.  2.  It  is 
expected  that  HAN  decomposition  will  occur  in  a thin  liquid  layer  near  the  regressing  droplet 
surface.  Surface  bubbling  may  occur  as  the  heat  release  from  HAN  decomposition  vaporizes 
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water  and  the  HAN  decomposition  products  bubble  out  of  solution;  some  water  droplets  may 
also  be  formed,  as  should  THAN  droplets  [3],  These  TEAN  droplets  may  eventually  react  with 
oxides  of  nitrogen  from  the  HAN  decomposition  [3],  For  droplets  that  do  not  have  TEAN,  it  is 
expected  that  the  liquid-phase  processes  will  be  similar,  but  that  there  will  not  be  appreciable 
chemical  reactions  occurring  in  the  gas  phase. 


HAN 

Decomposition 
Products  And  Water 


Liquid-Gas 
Interface  \ 


HAN  Reaction 
Zone  (Dark  Line) 


TEAN  Reaction 
Zone  


-TEAN 

Droplet/Particle 


Final 

Products 


HAN/TEAN/Water 

Droplet 


Figure  2.  Schematic  diagram  of  expected  HANA'EAN/water  droplet  combustion  behaviors. 

At  the  present  time,  there  are  no  data  on  combustion  behaviors  of  TEAN  droplets  While 
condensed-phase  HAN  decomposition  does  not  involve  appreciable  effects  of  species  diffusion 
and  is  essentially  of  a premixed  character  [4],  TEAN  droplet  combustion  may  be  strongly 
influenced  by  species  diffusion.  One  possible  scenario  is  that  TEAN  is  vaporized  from  the 
droplet  surface,  with  TEAN  vapor  being  transported  outwards  where  it  reacts  with  oxides  of 
nitrogen  in  a gas-phase  reaction  zone.  This  scenario  is  similar  to  conventional  bipropellant 
cfropl^combusfron,  where  gas-phase  diffusion  flames  may  predominate.  Alternatively,  it  may  be 
that  TEAN  vaporization  is  negligible  such  that  appreciable  chemical  reactions  occur  in  the 
condensed  phase  or  on  the  surface.  It  is  also  possible  that  TEAN  decomposition  might  occur  at 
or  near  the  droplet  surface,  with  decomposition  products  burning  in  the  gas  phase  in  a diffusion 

ame  mode  [7J.  The  proposed  experiments  will  provide  needed  information  on  TEAN  droplet 
combustion  characteristics. 

the  experiments;,  the  pressure  range  1 to  30  atm  will  be  explored.  While  HAN-based  liquid  mixtures  are  not 
expected  to  burn  at  pressures  lower  than  roughly  about  6 atm,  TEAN  droplets  and  particles  may  burn  at  all  pressures 
(if  sufficient  oxidizer  is  present).  The  propellants  to  be  considered  will  include  HAN/water  mixtures  with  HAN 
molar, ues  ranging  from  about  3 to  13,  HAN/TEAN/water  mixtures  cotresponding  to  practical  S a"  wefi^ 

rhHm°re  °f  HANT  TEAN  than  'S  reqU'red  f0r  stoichi°metry,  TEAN/water  mixtures,  and  TEAN 
particles.  In  this  way,  influences  of  variations  in  mixture  properties  can  be  explored  more  fully.  In  addition,  Ch  will 

sometimes  be  added  to  the  ambient.  This  is  because  shock  tube  studies  [7]  have  suggested  that  TEAN  reacts 
significantly  more  slowly  with  oxides  of  nitrogen  than  with  02.  Adding  02  may  show  thafft  is  advantageous  to  bum 
monopropellants  containing  TEAN  in  the  presence  of  oxygen. 
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Unsupported  (free)  droplets  and  droplets  supported  with  » 10  pm  silicon  carbide  fibers  will  be 
burned  within  the  pressure  chamber.  Data  to  be  obtained  will  include  transient  droplet  and  gas- 
phase  flame  diameters,  the  occurrence  of  liquid  bubblmg  inside  droplets,  the  low'presS^ 
deflagration  limit,  influences  of  fuel  species  on  liquid  consumption  rates  and  gas  thermal 
profiles.  Normal-gravity  comparison  experiments  will  also  be  performed  at  UC  Davis  usi  g 
reduced-gravity  apparatus. 

TI^h^^OTefic^effort^will  be  essentially  divided  into  two  efforts.  The  first  effort  will  be  an 
extension  of  the  research  that  led  to  the  publication  of  Ref.  [4].  Rational  theoretical  models 
(based  on  existing  solid  propellant  deflagration  theory  or  new  models  to  be  developed)  will  be 
applied  to  HAN-based  liquid  propellants.  Theoretical  models  that  are  consistent  with 
experimental  data  will  be  selected  or  developed.  Influences  of  phenomena  such  as 
nonequilibrium  vaporization,  two-phase  flow,  gas  solubility  in  liquids,  the  presence  of  a hie 
species  (e  g TEAN)  and  chemical  reactions  downstream  of  the  HAN  decomposition  zone  will 
rconsidetd.  These  phenomena  may  possibly  influence  decomposition  rates  in  the  HAN 
decomposition  zone,  and  will  certainly  influence  downstream  gas-phase  combustion  of  TEAN 

for  another  fuel)  that  might  be  present.  « 

The  second  effort  will  be  directed  towards  developing  models  of  TEAN  droplet  combustion. 
After  the  TEAN  experiments  have  been  completed  and  the  basic  physics  have  been  observed, 
efforts  will  be  directed  towards  developing  simplified  models  which  describe  spherically- 
symmetrical  combustion  of  TEAN  droplets,  e.g.,  droplet  surface  regression  rates,  flame  radii 
and  gas  temperatures.  An  emphasis  of  this  research  will  be  to  develop  simplified  analytical 

models. 

AC^e°^nancialEsuppoit  of  NASA  is  gratefully  acknowledged.  The  Technical  Monitor  for  this 
research  is  Dr.  D.  Dietrich. 
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S2^VTATIONAL  AND  EXPERIMENTAL  study  of  energetic  ma- 
terials IN  A COUNTERFLOW  MICROGRAVITY  ENVIRONMENT 

Mitchell  D.  Smooke1  R.  A Yetter2,  T.  P.  Parr3,  D.  M.  Hanson-Parr3  and  M.  A.  Tanoff4, 
Department  of  Mechanical  Engineering,  Yale  University,  New  Haven,  CT  06520-8284 
Mechanical  and  Aerospace  Engineering,  Princeton  University,  Princeton’ 

fiinn 845w  v2 v’ii  We^poi!s  Division,  Naval  Air  Warfare  Center,  China  Lake,  CA  93555- 
6100,  W.  I\.  Kellogg  Institute,  Battle  Creek,  MI  49016-3232 


INTRODUCTION 

Ground  based  (normal  gravity)  combustion  studies  can  provide  important  information 
on  the  processes  by  which  monopropellants  and  composite  systems  burn.  The  effects  of 
gravitational  forces,  however,  can  often  complicate  the  interpretation  of  the  models  and  the 
mentation  of  experiments  designed  to  help  elucidate  complex  issues.  We  propose  to 
utilize  a combined  computational/experimental  approach  in  a microgravity  environment  to 
understand  the  interaction  of  oxidizer- binder  diffusion  flames  in  composite  propellants.  Bv 
operating  under  microgravity  conditions  we  will  be  able  to  increase  the  length  scales  and 
suppress  the  gravitational  forces  on  melting  binders  such  that  increased  resolution  of  both 
major  and  minor  species  will  be  possible  thus  reducing  the  demands  placed  on  both  the 
computational  and  diagnostic  tools.  Results  of  a detailed  tranport /finite  rate  chemistry 
model  will  be  compared  with  nonintrusive  optical  diagnostic  measurements  of  the  structure 
and  extinction  of  diffusion  flames  in  which  oxidizers  such  as  ammonium  perchlorate  (AP) 
and  ammonium  dmitramide  (ADN)  are  counterflowed  against  realistic  binders  such  as 
hydroxyl- terminated  polybutadiene  (HTPB)  and  3,3-bis(azidomethyl)oxetane  (BAMO). 
Ihe  work  proposed  herein  represents  a collaborative  effort  among  the  research  groups  at 
a.  e University,  Princeton  Lniversity  and  the  Combustion  Diagnostics  Laboratory  at  the 
Naval  Air  Warfare  Center  in  China  Lake,  CA. 


RESEARCH  PROJECT  DESCRIPTION 

Many  solid  rocket  propellants  are  based  on  a composite  mixture  of  ammonium  per- 
chlorate (AP)  oxidizer  and  polymeric  binder  fuels.  In  these  propellants,  complex  three- 
dimensional  diffusion  flame  structures  between  the  AP  and  binder  decomposition  products 
dependent  upon  the  length  scales  of  the  heterogeneous  mixture,  drive  the  combustion  via 
heat  transfer  back  to  the  surface.  Changing  the  AP  crystal  size  changes  the  burn  rate 
of  such  propellants.  Large  AP  crystals  are  governed  by  the  cooler  AP  self-deflagration 
flame  and  burn  slowly,  while  small  AP  crystals  are  influenced  more  by  the  hot  diffusion 
flame  with  the  binder  and  burn  faster.  This  allows  control  of  composite  propellant  ballis- 
tic properties  via  particle  size  variation.  While  the  ultimate  goal  in  composite  propellant 
modeling  is  the  ability  to  carry  out  a full  three-dimensional  computation  that  includes  the 
random  distribution  of  oxidizer  crystals  in  the  fuel  matrix  binder,  such  a study  is  beyond 
our  current  computational  and  modeling  capabilities.  Although  previous  measurements  of 
AP/ binder  diffusion  flames  undertaken  in  planar  two-dimensional  sandwich  configurations 
have  yielded  insight  into  the  controlling  flame  structure  [1,2],  there  are  several  drawbacks 
that  make  comparison  with  modeling  difficult.  The  flames  are  two-dimensional  in  struc- 
ture making  modeling  much  more  complex  computationally  than  with  one-dimensional 
propellant  systems,  such  as  RDX  self-  and  laser- supported  deflagration  [3].  The  melting 
° he  binder  can  interfere  with  the  composite  propellant  diffusion  flame.  This  can  compli- 
cate the  interpretation  and  the  implementation  of  experiments  designed  to  help  elucidate 
complex  issues.  Also,  the  length  scales  in  the  two-dimensional  composite  experimental 
configuration  are  extremely  small  - the  majority  of  the  heat  release  occurs  in  a region  only 
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100  to  200  microns  off  the  surface.  It  is  much  too  difficult  from  a diagnostic  viewpoint  to 
resolve  the  combustion  processes  occurring  within  this  region. 

The  counterflow  configuration  greatly  spreads  the  heat  release dlowing  T«tial 
solution  of  the  chemical  kinetic  process  in  the  AP/bmder  diffusion  flame.  Ihis  provides 
an  excellent  geometric  configuration  within  which  AP /binder  diffusion  flames  can  be  s u - 
^d  both  experimentally  and  computationally.  However,  when  a realistic  binder  such  as 
HTPB cither oSdizers,  such  asP  ADN,  burn,  the  surface  melts  forming  a thick  viscous 
laver  Which  can  flow,  drip,  or  puddle  making  it  virtually  impossible  to  employ  the  counter 

do^orform'signi^ant^urfe^1^^ ^a^r^9!5 f^AN^owever^is6^  outdated^m^r  ^y^rn 
comoarison  with  the  model.  Previous  ground  based  experiments  were  severely  limite 

In  the  AP/methane  experiments  the  AP 

,,-rh  iA,7  ^ra;n  rates  leading  to  very  low  gas  velocities.  This,  coupled  witn  tne  largei 
leneth  scale  leads  to  buoyancy  affecting  the  flame  structure.  The  negative  buoyancy  of 
lheS!old  fuel  comnmed  to  hot  AP  decomposition  products  causes  the  AP  gases  to  expand 
SiX Sd  Agnation  plane  to  be  pushed  lower.  This  seriously 
structure  for  large  separation  distances  required  for  low  strain  rates  (Gi  / R • 

- n ,m  With  the  experimental  strain  rate  limited  on  the  high  end  by  heat  loss  to  the 
XneHnd  OT  the  low  end  by  the  effect  of  buoyancy,  the  ground  based  experiments  were 
S5 to essentially  a sffigle strain  rate.  Investigation  of  flame  structure  and  extinction 
under  varying  strainrates  is  a vital  technique  to  exercise  and  validate  the  kinetic  database 
upon  which  the  model  is  based.  The  low  gravity  counterflow  system  experiments  proposed 
here  will  allow  a much  wider  range  of  strain  rates  to  be  studied. 

We  plan  on  investigating  the  modeling  of  counterflow  diffusion  flames  m which  oxi- 
dizers such  as  AP  andADN  are  counterflowed  against  a polymeric  fuel  binder  such  as 
HTPB  and  BAMO.  The  results  of  the  computational  model  will  be  compared  with  a series 
of  expe^ment a measurements  on  the  ground  and  in  a low  gravity  environment.  Ground 
based  experimLTs  will  make  use  of  advanced  laser  diagnostics  to  measure  species  and 
temperature  profiles.  These  will  include  the  planar  laser  induced  fluorescence,  emusio 
spe<flroscopy,^and  Raman  scattering  used  in  the  previous  laboratory , AP/methane  conn- 

terflow  experiments.  ^K^^N^i^r^ertod  of  grotSd-bSS  verification  of  the 
£^1  ScroB^vi"wfliabePundttaifen.  The  experimental  methods 
to  be  employed  in  microgravity  must  be  simpler  than  those  used  m the  ground  tests  The 
lase^ used  flu-6 the1  ground  tests^ requires  11  kW  of  power,  1.5  gal/mm  of  cooling,  and  takes 
up  over  30  cubic  feet  of  space  making  it  incompatible  with  any  of  the  ground  based 
ffravitv  test  facilities.  The  diagnostics  for  low  gravity  tests  will  be  carefully  chosen  to  be 
rnmnatible  with  existing  microgravity  facilities  and  to  best  evaluate  the  effects  of  buoy- 
iTToL'  the  femes.  Thf  initial  technique  verification  will  take  advantage  of  our  prevous 
ground-based  measurements  of  oxidizer-fuel  diffusion  flames. 

The  proposed  apparatus  for  studying  solid  oxidizer-solid  fuel  counterflow  diffusmn 
flames  in  microgravity  is  illustrated  in  Figure  1.  It  conststs  of  an  oxidizer  pellet  (AP 
inTlds  cas“  and  binder  are  held  at  a controllable  separation  via  a quick  change  pellet 
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holder  cartridge.  The  surface  positions  are  held  constant  during  regressive  deflagration  bv 
a spring  load  from  below  and  tension  wire  across  the  surface.  This  simple  SS  hZ 
been  successfully  used  on  RDX  and  HMX  combustion  (which  burn  much  fcSSd  can 
keep  the  surface  at  a constant  position  to  within  less  than  100  micrometers  j 
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Figure  1 Schematic  of  experimental  configuration  for  ethylene  vs  AP 
counterflow  flame  system. 


ca,mera  a macro  lens  wil1  be  used  to  monitor  the  flame  and  provide 
1PTV1  AUVvSr't  Thl®  Ca“era  1S  Satoable  for  the  particle  tracking  velodmetry 
2D  iJaffpo  r>f  1 b e ,ga*ed  intensified  camera  with  UV  macro  lens  will  be  used  to  acquire 
2D  images  of  selected  chemiluminescent  species  (such  as  CN,  NH,  CH  C,  OH  etc  1 

J^-^aijnera  caf.  also  b^  ^forPTV.  Quantitative  species  concentration  data  will  be 
amed  using  line  resolved  UV- Visible  absorption  spectroscopy.  A xenon  lamp  will  be 

lghf-  SO,UrC?  WAth  thf, beam  beinS  formed  into  a sheet  which  passes  through  the 
ame  perpendicular  to  the  surfaces  of  the  binder  and  oxidizer.  Spectral  fitting  of  certain 
absorption  bands,  such  as  OH,  may  afford  limited  temperature  profiling  as  well. 

• grOUnd  bfasffi-.experimen,ts  the  temPerature  was  measured  on  the  fuel  side  using 
radiation  corrected  thermocouples  and  on  the  oxidizer  side  with  OH  rotational  population 
distributions  measured  using  PLIF  (see  Figure  2).  The  thermocouples  were  found  to  dfs 

SiH^ThT ly  ueSASenSltlVe  flaTi  ®fd  tde  PLIF  is  not  compatible  with  microgravity 

f °7  .T  6 hatdeveJ°Ped  a fliSht  capable  temperature  imag 

sofid  flames  Thflr^  ^ayleigb  ?catt.enng,  bf  this  is  not  likely  to  work  in  the  counterflow 
solid  flames.  The  solid  fuel/oxidizer  inevitably  leads  to  particulates  in  the  flame  and  Mie 

such i^HTPB  burn  w-tbU  W°A  ^ overwhelm  the  Rayleigh  signal.  In  addition,  binders 
,i  " as i HTPB  burn  with  very  sooty  flames  leading  to  Mie  scattering  from  soot.  During 

first  year  of  the  program  we  will  attempt  to  develop  a flight  capable  diagnostic  for  gas 
temperatures  that  is  applicable  to  these  experiments.  8 gaS 
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2 * 

Figure  2 - Comparison  between  experimentally  measured  and  calculated 
temperature  profiles  for  the  fuel  vs.  AP  counterflow  flame. 
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Formation  of  Carbon  Nanotubes  in  a Microgravity  Environment 

J.  M.  Alford  and  M.D.  Diener,  TDA  Research,  Inc.,  12345  W.52  Ave.,  Wheat  Ridge,  CO 

80033 

Introduction 

The  scientific  objective  of  this  investigation  is  to  determine  how  microgravity  processing  can 
improve  the  production  and  morphology  (size  and  length)  of  single-walled  carbon  nanotubes 

(SWNTs).  t . . . 4 

Single- walled  carbon  nanotubes  were  discovered  in  1991  as  an  outgrowth  of  research  into 
fullerene  ("Buckyball")  molecules.  SWNTs  are,  in  essence,  single  fullerene  molecules  that  have 
been  stretched  until  their  length  is  millions  of  times  their  diameter.  The  evolution  of  a fullerene 
into  a single-walled  nanotubes  is  shown  in  Figure  1.  Researchers  soon  discovered  that  SWNTs 
possess  many  remarkable  properties1.  They  represent  the  strongest  known  type  of  carbon  fiber 
and  form  the  ideal  basis  for  new  composite  materials.  Calculations  show  that  a carbon  nanotube- 
based  cable  could  have  one  hundred  times  the  strength  of  steel  while  having  just  one-sixth  of  the 
weight.  Such  a cable,  for  example,  would  make  an  ideal  space  tether.  Carbon  fiber  composites 
made  from  nanotubes  would  save  significant  weight  in  spacecraft  and  aircraft  structures.  In 
addition  to  their  mechanical  properties,  nanotubes  have  interesting  electronic  properties,  which 
are  dependent  upon  the  tubes  morphology.  Some  tubes  have  conducting  electronic  structures  and 
can  be  envisioned  as  molecular  quantum  wires,  while  others  are  semiconducting  and  can  be  used 
to  fabricate  the  world’s  smallest  “single  molecule”  transistors. 

Because  of  their  potential  as  new  materials,  there  is  currently  a large  interest  in  the  synthesis 
and  characterization  of  carbon  nanotubes.  In  fact,  nanotube  science  has  become  one  of  the 
worlds  most  rapidly  advancing  areas  of  research.  However,  most  investigations  have 
concentrated  on  determining  the  physical  properties  of  the  tubes;  very  little  is  known  about  the 
fundamental  processes  involved  in  nanotube  formation.  The  current  nanotube  synthesis  processes 
are  poorly  understood  and  can  only  produce  small,  gram  quantities  of  nanotubes  that  are  less  than 
-100  microns  in  length.  Because  of  these  limitations,  nanotubes  have  remained  largely  a 
laboratory  curiosity.  If  industrial 
amounts  of  tubes  10-100  times 
longer,  1-1 0mm,  could  be 
efficiently  produced,  then 
commercial  applications  in  new 
composite  materials  would 
become  much  more  favorable. 

The  key  to  developing  better 
production  processes  is  to  gain  a 
better  understanding  of  the 
nanotube  formation  process. 

There  are  several  methods  for 
the  production  of  single-walled 
carbon  nanotubes.  The  two  most 
common  processes  are  the  carbon 
arc  and  laser  ablation  method,  around  the  belt  eventually  produces  tube  (a).  Some  larger 
Both  processes  rely  on  catalytic  tubes  with  their  fullerene  endcaps  are  shown  in  (b)  and  (c). 


1.  Stretching  of  C60  by  adding  10  carbon  atoms 
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growth  of  the  nanotubes  from  carbon  vapor  in  the  presence  Co/Ni  or  other  transition  metal 
catalysts.  Although  some  types  of  multi-wall  nanotubes  grow  from  surfaces,  the  growth  of  single- 
walled  nanotubes  occurs  primarily  in  the  gas  phase.  As  the  carbon  and  metal  catalyst  vapors  cool, 
they  condenses  into  small  sub-nanometer  sized  clusters  that  continually  collide  and  grow.  When 
the  metal  carbide  cluster  becomes  saturated  with  carbon,  the  carbon  re-crystallizes  or  grows  out 
of  the  particle  as  a nanotube.  The  metal  particle  remains  on  the  head  of  the  tube  and  channels  the 
remaining  carbon  it  encounters  into  the  tube.  A schematic  of  this  process  is  shown  in  Figure  2. 
Although  conceptionally  simple,  very  little  detailed  modeling  of  this  process  has  been  performed, 
and  it  remains  unclear  what  factors  have  the  largest  effect  on  nanotube  growth  and  the  ultimate 


Catalytic  Metal  Particle 
(saturated  with  carbon) 


Growing  Carbon  Nanotube  I 


Carbon  Cluster  Feed 


Figure  2.  Catalytic  growth  of  a SWNT. 
length  that  can  be  attained. 

The  formation  of  single- walled  nano  tubes  is  a gas  phase  process  that  is  similar  to  the  formation 
of  soot  during  combustion  processes.  Buoyancy  is  known  to  have  a large  effect  on  soot 
formation,  and  we  hypothesize  that  the  same  is  also  true  for  nanotube  formation.  Both  the  arc 
and  laser  process  vaporize  carbon  in  a high  temperature  plasma  which  induces  a strong  convective 
flow  in  the  apparatus.  (Nanotubes  are  currently  produced  at  1 atm.  where  the  sublimation  point 
of  carbon  is  ~3367  °C).  In  the  laser  apparatus,  convection  currents  due  to  buoyancy  can  be 
directly  observed  in  the  laser  plume.  Currents  are  also  readily  seen  in  arc  reactors  and  explain 
why  the  quality  of  nanotube  deposits  varies  greatly  depending  on  their  position  in  the  apparatus. 
The  formation  of  a nanotube  is  undoubtedly  a strong  function  of  the 
time/temperature/concentration  history  of  the  growing  tube  and  its  precursors.  Buoyancy 
produces  an  uncontrolled  environment  that  makes  estimation  (and  hence  further  optimization)  of 
these  critical  factors  difficult  if  not  impossible.  Microgravity  conditions  will  provide  a much  more 
controlled  environment  for  measurement,  modeling,  and  optimization  of  these  parameters.  In 
addition,  the  time  available  for  incorporation  of  carbon  into  the  growing  nanotube  will  be 
increased,  allowing  for  enhanced  growth  of  the  nanotubes. 


Experimental 


In  this  project  we  have  planned  a series  of  systematic  experiments  to  investigate  the  effect  of 
buoyancy  on  nanotube  growth.  We  estimate  that  the  100  um  long  tubes  produced  by  the  arc  and 
laser  methods  are  formed  in  less  than  100  msec.,  and  therefore,  the  weightless  time  needed  for  the 
experiments  will  depend  more  on  the  amount  of  material  desired  rather  than  on  the  time  required 
for  nanotube  formation.  Proof-of-principle  experiments  should  therefore  be  readily  accomplished 
using  drop  tower  experiments,  and  we  are  currently  designing  a carbon  nanotube  reactor  that  can 
be  dropped  from  the  NASA  LeRC  2.2  second  microgravity  drop  tower.  The  proposed  reactor 
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will  utilize  a metal  doped  carbon  wire  that  can  be  evaporated  either  resistively  or  used  to  form  a 
small  arc  following  its  release  from  the  tower.  A simplified  schematic  is  shown  in  Figure  3.  In 
spirit,  this  machine  is  similar  to  that  developed  by  R.E.  Smalley  for  the  production  of  SWNTs 


Figure  3.  Schematic  for  the  evaporating  wire  nanotube  apparatus. 

using  the  laser  vaporization  of  graphite.  In  this  case,  we  have  replaced  the  laser  pulse  with  a pulse 
of  electric  current  capable  of  evaporating  the  wire. 

After  performing  an  experiment,  the  soot  in  the  reaction  chamber  will  be  collected  and 
analyzed  using  both  scanning  electron  microscopy  (SEM)  and  transmission  electron  microscopy 
(TEM).  Because  the  samples  will  be  small  (lOmg),  they  will  be  collected  by  washing  the  inside  of 
the  apparatus  with  a solvent  such  as  ethanol,  and  then  deposited  from  solution  onto  the 
microscope  sample  grids. 

Once  good  single-walled  nanotubes  are  produced  under  1 g conditions,  the  experiments  will  be 
reproduced  on  the  drop  tower.  Nanotubes  grown  in  the  lg  and  microgravity  environment  will 
then  be  compared  using  transmission  electron  microscopy  to  determine  how  the  absence  of 
buoyancy  effects  their  yield,  growth,  and  structure. 

Summary 

Nanotube  science  has  become  one  of  the  worlds  most  rapidly  advancing  areas  of  research. 
However,  most  investigations  have  concentrated  on  determining  the  physical  properties  of  the 
tubes;  very  little  is  known  about  the  fundamental  processes  involved  in  nanotube  formation.  The 
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gas  phase  process  for  single-walled  nanotube  formation  is  very  similar  to  many  sooting 
combustion  processes  and  most  of  the  fundamental  kinetic  and  transport  processes  involved  are 
expected  to  be  similar.  By  eliminating  the  uncontrolled  effects  of  buoyancy,  we  believe  that 
microgravity  experiments  could  substantially  increase  the  fundamental  knowledge  of  nanotube 
formation  and  lead  to  the  development  of  both  better  nanotubes  and  production  processes. 

References 

The  following  review  and  references  therein  provide  a good  introduction  into  the  current  issues 
in  carbon  nanotube  production  and  their  applications. 
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Synthesis  of  graphite  encapsulated  metal  nanoparticles  and  metal  catalyzed 

nanotubes 

R.  L.  Vander  Wal1  and  V.  P.  Dravid2;  'NCMR  at  NASA-Lewis,  Cleveland  OH  44135, 
Northwestern  University,  Evanston  IL  60208. 

INTRODUCTION 

This  work  focusses  on  the  growth  and  inception  of  graphite  encapsulated  metal 
nanoparticles  and  metal  catalyzed  nanotubes  using  combustion  chemistry.  Deciphering  the 
inception  and  growth  mechanism(s)  for  these  unique  nanostructures  is  essential  for  purposeful 
synthesis  [1-8].  Detailed  knowledge  of  these  mechanism(s)  may  yield  insights  into  alternative 
synthesis  pathways  or  provide  data  on  unfavorable  conditions.  Production  of  these  materials  is 
highly  desirable  given  many  promising  technological  applications  [9-17], 

SIGNIFICANCE 

The  technological  promise  of  these  materials  stems  from  their  unique  structure.  In 
graphite  encapsulated  metal  nanoparticles,  the  protective  graphite  coating  provides  immunity  to 
most  environments  while  allowing  retention  of  their  magnetic  properties  [4,7,9,10],  Interest  in 
the  iron  group  metals  is  particularly  high  because  they  can  be  encapsulated  in  metallic  form  as 
single  magnetic  domains  [9].  Such  encapsulated  ferromagnetic  metals  should  have  interesting 
properties  and  commercially  valuable  applications,  ranging  from  magnetic  data  storage  and 
ferrofluids  to  biomedical  applications  [10].  Metal  catalyzed  nanotubes  can  be  used  as  supports 
for  metal  catalysts  which  are  deposited  upon  the  surface  [1 1].  Because  of  their  mesoscopic 
structure,  nanotubes  may  exhibit  quantum  effects  arising  from  their  small  diameter,  < 10  nm 
[15].  Theoretical  calculations  of  their  electronic  structure  indicate  that  single-walled  nanotubes 
are  either  metallic  conductors,  or  semiconductors,  depending  on  the  diameter  and  helicity  of  the 
individual  tubes  [16].  Filled  with  metals  or  semiconductors,  nanotubes  may  well  provide 
components  for  nanoscale  electrical  or  electronic  devices  such  as  amplifiers,  switches  or 
electrical-mechanical  converters  [17]. 

To-date,  the  primary  vehicles  for  synthesis  of  these  novel  materials  has  been  an  electric 
arc  discharge  or  high  temperature  furnace.  While  possessing  great  potential  for  new  discoveries, 
a shared  deficit  of  traditional  methods  is  the  occurrence  of  several  simultaneous  processes 
coupled  through  buoyancy.  The  proposed  experiments  seek  to  eliminate  this  shortcoming  by 
controlled  experiments  in  microgravity.  The  advantage  that  microgravity  confers  is  the 
independent  control  of  temperature  and  residence  times,  variables  normally  coupled  and 
controlled  by  buoyancy,  for  synthesis  of  these  nanostructures. 

OBJECTIVE 

The  proposed  work  seeks  to  vary  metal  nanoparticle  residence  times  in  controlled 
temperature  and  chemical  environments.  Systematic  variation  of  these  parameters  will  be  used 
to  achieve  different  levels  of  encapsulation  or  nanotube  growth.  These  measurements  are 
expected  to  also  lead  to  identification  of  optimum  gas-phase  parameters  for  synthesis  of  carbon 
encapsulated  metal  nanoparticles  or  fullerenic  nanotubes  as  judged  by  characterization  of  their 
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morphology,  chemistry  and  crystallography.  As  a secondary  objective,  the  kinetics  of  the 
encapsulation  process  and  nanotube  growth  will  be  sought. 

APPROACH  „ . . , t. 

Hydrocarbon  flames  will  be  used  to  supply  the  carbon  source.  Variation  of  the 

stoichiometry  and  flame  temperature  will  be  used  to  control  the  local  gas-phase  chemistry.  Both 
the  species  available  for  decomposition  for  metal  carbide  formation  and  the  temperature  govern 
the  growth  rate  and  quality  of  the  graphitic  layers  associated  with  the  nanostructure.  These  same 
parameters  are  also  central  to  graphitic  layer  plane  growth  of  carbon  aerosols  (soot)  via 
molecular  addition  of  small  PAHs  and  other  hydrocarbons  (such  as  acetylene).  Judicious  control 
of  these  parameters  can  not  only  alleviate  deposition  of  amorphous  carbon  but  also  facilitate 
formation  of  regular  graphitic  layers  in  these  novel  structures  through  termination  of 
energetically  unfavorable  dangling  bonds.  Additionally,  an  alternative  pathway  for  regular 
graphitic  layer  plane  formation  is  available  for  catalytically  inactive  metals  via  the  repetitive 
addition  of  acetylene  and  small  PAHs,  analogous  to  soot  growth  via  the  celebrated  HACA 
mechanism  [18]. 

The  first  stage  of  the  research  will  focus  on  production  of  metal  nanoparticles. 

Particle  and  aggregate  size  will  be  controlled  through  variation  of  metal  precursor 
concentration,  particle  residence  time,  dilution  after  particle  formation  and  electrostatic  charging. 

The  next  stage  will  investigate  the  overlap  between  metal  particle  production  and 
hydrocarbon  decomposition.  Traditionally,  significant  overlap  exists  in  these  processes.  These 
multiple  concurrent  processes  are  particularly  important  for  synthesis  of  graphite-met 
nanostructures.  Variation  of  the  degree  of  overlap  will  be  sought  to  determine  if  concurrent 
hydrocarbon  decomposition/deposition  upon  the  nucleating  metal  particle  (hence  partial  carbide 
formation)  can  alter  the  particle  growth  process  or  level  of  aggregation.  In  all  cases,  the 
hydrocarbon  will  be  a minor  component  in  the  metal  precursor/diluent  (carrier)  + hydrocarbon 
mixture  This  will  ensure  that  metal  nucleation  dominates  any  metal  particle  catalyzed 
nanostructure  growth  process.  Tests  for  effects  of  partial  carbide  formation  will  subsequently  be 
made  for  conditions  identified  as  fruitful  and  nonfruitful  for  purposeful  nanostructure  growth. 

A series  of  fuel  mixtures  and  temperatures  will  be  used  to  create  a broad  range  of 
chemical  environments.  The  range  of  fuel  mixtures  will  be  used  to  systematically  vary  the  C/H 
ratio  of  the  fuel  mixture.  Concentrations  within  an  inert  carrier  will  be  varied  to  achieve 
different  growth  rates.  Post-synthesis  treatment  via  oxidation  will  be  considered  to  remove 
amorphous  carbon  deposits.  Material  samples  for  TEM  analysis  will  be  collected  through 
sampling  of  the  nanostructures.  A combination  of  TEM,  HRTEM  imaging,  diffraction  and 
analytical  nanoscale  spectroscopies  will  be  used  to  provide  morphological,  structural,  chemica 
and  electronic  information  about  these  unique  graphitic-metal  nanostructures. 
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A.  Varma,  A.  Pelekh  and  A.  Mukasyan 
Department  of  Chemical  Engineering 
University  of  Notre  Dame 
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Introduction 

Combustion  in  a variety  of  heterogeneous  systems  Jcadmg  - 

materials  [1-4],  is  characterized  by  h'8h  temnerftu?erge“erate  nquids  and  gases 

106K/s)  at  and  ahead  of  the  reaction  fron  . 8 P gravitational  effects  is  likely  to 

which  are  subject  to  gravity-driven  flow  The  remo  N5 mpr0vement  in  control  of  the 

provide  increased  control  of  the  ht  micmma'y  ex^lents  cim  lead  to  major 

Xrtr^^f  Ldamenta.  aspects  of  -—and 

>*  " 

under  terrestrial  conditions.  imnrove  the  understanding  of 

fundamenml^phe^meM^taking^pl^e^min^OT^bustio^of  ~neo"s  = ^ 

the  framework  of  our  pr^ious  gr  (N  mg  pri()r  work  by  others  and  by  us,  has 

influence  on  combustion  synthesis  (C  ) g durine  combustion  synthesis  of 

clearly  demonstrated  that  gravity  plays  an  important  role ^ dunng  coi m us y 

materials.  The  immediate  tasks  for  the  ^ ^ 

observed  effects,  and  to  create  accurate  local  kinetic  this  is  the 

Investigation  of  blew  Phenomena  in  Gasless  Combustion  of  Low  Density  Mixtures 

Our  preliminary  results  show  that  gravity  significantly 
behavior  of  heterogeneous  reaction  mixtures.  Uc 

combustion  front  propagates  with  an  averag  in  normal  gravity  [51.  Also,  we  observed 

was  about  5 cm/s,  that 15  * NiMUtaddS  policies,  the  combustion  front  propagates  much 

“al.?  “c"^C  The  data  demons, rale  that  in  1-g,  the  width  of  distribution 
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These  dramatic  changes  in  combustion  behavior  may  be  explained  by  a chanee  in  the 
pmiay  mechanutm  of  heat  transfer  in  the  heterogeneous  reaction  medium.  This  may  tfke 
n the  following  cases  of  gasless  CS  [7]:  (i)  high  sample  density,  where  heat  conduction  through 
the  essentially  poreless  medium  controls  the  wave  propagation  process;  (ii)  very  high  porous 
mixtures  where  radiation  becomes  the  main  mechanism  of  heat  transfer.  We  bdieve  that  the 
aner  condition  was  achieved  under  pg  in  the  experiments  discussed  above.  A detailed  study  of 
Ulese  new  phenomena,  which  can  be  observed  only  inpg  conditions  will  improve  the 
fundamental  understanding  of  combustion  mechanism  in  heterogeneous  systems.  Two  types  of 

I “ “ I 1 mixtures  will  be 

j investigated:  cladded 

I powders,  where  contact 
I between  reactants  occurs 
I within  each  particle,  and 
. mixtures  of  elemental 
j powders,  where 

I interparticle  contacts  are 
, necessary  for  the  reaction. 

Figure  1.  Distribution  of 
i instantaneous  combustion 
I velocity  during  reaction 
in  Ni/AI  cladded  particle 
system. 

Influence  of  Gravity  on  Solid  Particle  Growth  in  Melts  during  Combustion  Synthesis 

t<  hi*  h!Ve!h?Vn  expel*'mcnlally  that  in  a vanet-v  of  systems  (e.g.  Ti-C-Ni,  Ti-B-Ni-Al)  fine 
(<  0.1pm)  initial  grains  of  solid  products  (TiC,  TiB2)  form  quickly  (<  0.1s)  in  melts  (Ni  Al)  of 

the  reaction  gone,  followed  by  relatively  long  (minutes)  process"  of  structme  t^staa, Ions 

I which  take  place  at  high  temperatures  reached 
j during  combustion  synthesis  [6,8],  The  growth  rate 
I of  these  grains  is  4 times  smaller  in  pg  as 
compared  to  1-g,  thus  yielding  final  product  with 
finer  grains  that  provide  superior  mechanical 
! properties  (Fig.2;  see  also  [9]). 

! ft  1S  known  that  when  solid  and  liquid  phases 
coexist  for  some  period,  microstructural  changes 
can  occur  following  two  different  mechanisms  [10], 

In  one,  larger  particles  grow  at  the  expense  of 
-*■  ‘ I smaller  ones,  so  as  to  lower  the  free  energy  of  a 

— — k...  i J system  ( Ostwald  ripening  effect ),  and  in  the 

Timc  s 4 6 second,  grain  growth  is  controlled  by  the  process  of 
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Figure  2.  Evolution  of  Ti^  grain  size  (R)  during  combustion 
synthesis  of  (Ti+2B)-(3Ni+Al)  system  in  different  gravity  conditions. 
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solid  particle  coalescence  following  collision  of  the  particles.  It  is  interestingthat  in iboth  cases 
the  cube  of  particle  radius  is  proportional  to  time  of  coarsening  (Fig.2).  Thus  the  observed 
differences  in  growth  rates  of  solid  grains  (e.g.  TiB2)  in  liquid  matrix  (e.g.  Ni3A1)  in  1-gandpg 
conditions  can  be  explained  by  the  influence  of  gravity  on  these  mechanisms.  Indeed,  both 
mechanisms  of  particle  coarsening  require  mass  transport  (diffusion)  from  one  grain  to  « 
which  can  be  influenced  by  gravitationally  induced  flow  (natural  convection)  of  liquid  between 

PartBased  on  the  hypothesis  that  these  mechanisms  govern  structure  formation  during  CS  in 
many  systems,  a systematic  study  is  planned  to  understand  the  fundamentals  and  ^ control  the 
particle  growth  phenomenon.  Precise  microgravity  expenments  will  be  conducted  fo 
purpose.  Several  industrially  important  composites  will  be  investigated  (T1C-N1,  TiB2-NixA1, 

where  x=l  or  3). 
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NUMERICAL  STUDY  OF  BUOYANCY  AND  DIFFERENTIAL  DIFFUSION  EFFECTS 
ON  THE  STRUCTURE  AND  DYNAMICS  OF  TRIPLE  FLAMES 

J.-Y.  Chen1  and  T.  Echekki  2,  !6163  Etcheverry  Hall,  University  of  California  at  Berkeley, 
Berkeley,  CA  94720,  ivchen@newton.me.berkelev.edu.  2Combustion  Research  Facility,  Sandia 
National  Labs.,  Livermore,  CA  94550,  techekk@ca.sandia.gov. 

INTRODUCTION 

Triple  flames  arise  in  a number  of  practical  configurations  where  fuel  and  oxidizer  are  partially 
premixed,  such  as  in  the  base  of  a lifted  jet  flame  (e.g.,  Phillips,  1965;  Chung  and  Lee,  1991).  Past 
experimental  studies,  theoretical  analyses,  and  numerical  modeling  of  triple  flames  suggested  the 
potential  role  of  triple  flames  in  stabilizing  turbulent  flames  and  in  promoting  flame  propagation 
(Buckmaster  and  Matalon  1988;  Hartley  and  Dold,  1991;  Kioni,  et  al,  1993;  Lee  et  al,  1994; 
Ruetsch,  et  al  1995;  Domingo  and  Vervisch,  1996).  From  recent  numerical  simulations  of  laminar 
triple  flames,  a strong  influence  of  differential  diffusion  among  species  and  heat  on  the  triple  flame 
structure  has  been  gradually  appreciated  ( V cdarjan  and  Buckmaster,  1998,  Plessing  et  al,  1998, 
Daou  and  Linan,  1998;  Echekki  and  Chen,  1998).  This  paper  reports  preliminary  numerical 
results  on  the  influence  of  gravity  and  differential  diffusion  effects  on  the  structure  and  dynamics 
of  triple  flames  with  a one-step  global  irreversible  chemistry  model. 

NUMERICAL  SIMULATION 

As  a first  step.  Direct  Numerical  Simulations  (DNS)  of  triple  flames  have  been  conducted 
using  a one-step  irreversible  reaction  between  fuel  and  oxidizer  for  revealing  the  salient  features 
of  triple  flames  subject  to  different  conditions.  The  one-step  chemical  model  is  described  by 

F+O— »P,  0) 

where  the  stoichiometric  coefficients  are  unitary  for  simplicity.  The  reaction  rate  has  the 
Arrhenius  form 

r y \ 

w = ApYFpY0exp  -y  , (2) 

where  Ta  is  the  activation  temperature  and  A is  the  pre-exponential  factor.  With  the  non- 
dimensional  temperature  (9),  heat  release  parameter  (a),  Zeldovich  number  ((3),  and  reduced  pre- 
exponential factor  (A), the  above  reaction  rate  can  be  expressed  as 

i=WA‘YMi-4  <3) 

where  6 = (T -T0)/(Tf  -T0) , a = (Tf  -T0) ITf  , p = cSTa  ITf , and  A = Aexp(-/?/tf)  with  Tf 

being  the  adiabatic  flame  temperature  at  the  stoichiometric  and  T0  being  the  inlet  temperature. 
The  compressible  Navier-Stokes  equations  along  with  the  conservation  equations  for  reactants  are 
solved  in  a two-dimensional  domain.  Spatial  derivatives  are  approximated  by  a sixth-order 
compact  difference  algorithm  and  the  equations  are  integrated  in  tune  with  a third-order  Runge- 
Kutta  scheme.  Boundary  conditions  are  specified  using  the  Navier-Stokes  Characteristic 

Boundary  Conditions  (NSCBC)  (Poinsot  and  Lele,  1992).  A uniform  inflow  velocity  is  prescribed 
at  the  bottom  of  the  computational  domain  (See  Fig.  1).  An  outflow  boundary  condition  is 
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specified  at  the  top  and  non-reflective  boundary  conditions  are  imposed  on  all  sides.  The  mass 
fraction  distributions  of  fuel  and  oxidizer  at  the  inflow  boundary  are  specified  as 

Yr=\  1 - erffy  and  Y0  = Il  + eJ/(-L),  (4) 

where  erf  is  the  error  function,  x is  the  horizontal  coordinate  with  zero  at  the  middle,  and  W is  the 
characteristic  mixing  width.  In  this  study,  we  assign  a=0.85,  |3=8,  and  the  mixing  width  being  four 
times  of  the  planar  laminar  flame  thickness  at  equivalence  ratio  of  1.  The  DNS  were  carried  out 
with  a uniform  grid  of  121x241  (vertical  x horizontal). 

RESULTS  AND  DISCUSSIONS 

The  computed  flame  structure  of  a typical  triple  flame  is  illustrated  in  Figure  1 showing  the 
temperature  field,  the  fuel  consumption  rate,  an  overlay  of  reaction  rate  and  temperature 
contours,  and  the  fuel  concentration.  The  arrows  represent  the  local  velocity  vectors  and  their 
lengths  are  proportional  to  the  magnitude.  Several  salient  features  of  a triple  are  seen  in  the  result 
and  they  are  consistent  with  past  experimental  and  numerical  results.  First,  the  reaction  zone 
consists  of  three  branches:  one  rich  premixed  branch  on  the  left,  one  lean  premixed  branch  on  the 
right,  and  a diffusion  flame  in  the  middle.  Second,  the  burning  rate  is  most  intensive  at  the  joint  of 
the  three  branches  designated  as  the  triple  flame  tip.  Third,  under  the  current  condition,  the 
propagating  velocity  at  the  triple  flame  point,  Vf , is  higher  than  that  of  a planar  laminar  flame,  Va. 
Fourth,  the  flow  field  upstream  of  the  triple  flame  exhibits  a divergent  pattern.  The  flow 
decelerates  before  the  triple  flame  because  of  flow  divergence  effects  and  it  accelerates  above  the 
triple  flame  tip  as  dilatation  effect  becomes  dominant. 

The  above  results  serve  as  a base  line  for  comparison  with  triple  flames  under  the  influence  of 
gravity  and  differential  diffusion.  Figure  2 presents  such  a comparison  of  fuel  consumption  rates 
under  the  influence  of  gravity  and  differential  diffusion.  The  color  scales  correspond  to  values 
normalized  by  the  maximum.  The  gravity  force  is  pointed  downward  in  the  figure.  The  Froude 
number  based  on  the  mixing  width  and  the  laminar  flame  speed  under  normal  gravity  is  assigned 
unity.  While  the  Lewis  number  (thermal  diffusivity/mass  diffusivity)  of  oxidizer  is  kept  at  unity, 
the  Lewis  number  of  fuel  is  changed  from  1 to  0.4  and  2.0  to  illustrate  the  differential  diffusion 
effects.  As  revealed  in  the  figure,  buoyancy  enhances  the  flow  acceleration  above  the  triple  flame 
tip  as  density  decreases  by  a factor  of  about  6.5.  In  comparison  with  the  triple  flame  at  zero 
gravity,  buoyancy  reduces  the  size  of  triple  flame  and  decreases  the  propagation  speed.  The  effect 
of  Lewis  number  is  shown  in  the  lower  two  plots  revealing  that  the  shape  of  reaction  zone 
becomes  asymmetric  when  the  Lewis  number  of  fuel  deviates  from  unity.  The  propagating  speed 
decreases  when  the  Lewis  number  is  greater  than  one  and  increases  when  the  Lewis  number  is  less 
than  one.  This  trend  is  consistent  with  the  results  from  laminar  premixed  flame  studies.  The 
combined  effects  of  Lewis  number  and  gravity  force  with  realistic  chemistry  will  be  investigated  in 
future  work. 
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Fuel  Consumption  rate  overlaid  Fuel  mass  fraction 

by  constant  temperature  contours 

Figure  1:  Results  from  Direct  Numerical  Simulation  (DNS)  of  a triple  flame  with  one-step  global 
chemical  reaction  revealing  salient  characteristics 
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Le=1.0  Zero  Gravity 
Vf/Vsl=1.92 


Le=  1 .0  Gravity  Force  Pointed  Downward 

Vf/Vsi=1.26,  Fr=1.0 


Le=2.0  Zero  Gravity 
Vf/Vs,=1.20 


Le=0.4  Zero  Gravity 
VfA^sl=3.07 


Figure  2:  Results  from  Direct  Numerical  Simulation  of  triple  flames  with  one-step  global  chemical 
reaction  showing  the  influence  of  gravity  force  and  differential  diffusion. 
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Summary 

This  study  is  directed  at  examining  the  global  flame  behavior  of  highly  preheated  air 
flames  under  microgravity  conditions  using  methane,  ethane  and  propane  as  the  fuels.  Specific 
focus  will  be  on  determining  the  global  flame  features,  time  resolved  spatial  emission  of  OH,  CH 
and  C2  from  flames,  spatial  distribution  of  flame  flicker,  flame  radiation  and  spatial  distribution 
of  temperature  (using  micro-thermocouples  and  optical  pyrometer)  and  vibrational  temperature 
(calculated  by  comparing  two  different  C2  bands)  as  affected  by  microgravity,  combustion  air 
preheat  temperature,  fuel  type  and  flame  equivalence  ratio.  Highly  preheated  air  combustion  is 
extremely  important  in  practice  as  it  can  reduce  fuel  consumption  by  up  to  about  30%,  reduce  the 
equipment  size,  and  reduce  pollutants  emission  (including  NOx  and  CO2)  and  by  about  20-30% 
without  any  adverse  effect  on  thermal  loading  or  performance  of  the  system.  In  order  to  explore 
the  potential  of  highly  preheated  low  oxygen  concentration  air  combustion  we  propose  to  exam- 
ine the  fundamental  differences  in  the  behavior  of  these  flames  at  normal  and  microgravity  con- 
ditions as  compared  to  the  flames  obtained  with  normal  temperature  air  or  slightly  preheated  air. 

The  flowing  gas  mixture  of  N2  and  O2  at  room  temperature  will  be  preheated  to  any  tem- 
perature up  to  about  1 200°  C in  an  experimental  facility.  This  degree  of  air  preheat  in  the  fur- 
nace is  commensurable  with  that  used  in  many  regenerative  furnaces.  The  fuel  maintained  at 
near  room  temperature,  will  be  injected  into  the  combustion  chamber.  The  facility  will  allow 
controlled  variation  of  the  air  preheat  temperature,  fuel  type,  injector  geometry,  O2  concentration 
in  air  and  mixture  stoichiometry  in  the  test  section  of  the  combustion  chamber.  The  test  section 
will  be  optically  accessible  for  providing  the  desired  optical  diagnostics  of  the  flames.  The 
methane  fuel  simulates  well  the  behavior  of  natural  gas  fueled  flames  while  propane  fuel  simu- 
lates LPG  and  most  liquid  fueled  flames  without  the  added  complexity  of  droplet  formation  and 
evaporation.  The  choice  of  ethane  fuel  is  due  to  the  availability  of  flame  behavior  with  normal 
air  at  room  temperature  under  microgravity  conditions,  in  addition  to  the  role  of  type  of  hydro- 
carbon fuel.  Flame  plume  behavior  is  available  with  the  above  three  fuels  at  reduced  gravity 
using  nonnal  room  temperature  air.  We  propose  to  examine  the  flame  behavior  with  unheated, 
moderately  heated  and  highly  preheated  air  having  normal  (21%  oxygen)  and  low  oxygen  con- 
centration (down  to  about  2%)  at  microgravity  conditions. 

Specific  measurements  to  be  made  here  at  normal  or  microgravity  conditions  include: 
flame  size  and  shape,  vibrational  flame  temperature,  time  resolved  spatial  emission  of  OH,  CH 
and  C2  , spatial  distribution  of  flame  flicker  and  flame  heat  flux.  This  data  will  then  be  analyzed 
to  determine  the  role  of  microgravity  on  the  flame  behavior.  The  systematic  data  to  be  obtained 
here  will  allow  most  desirable  flame  characteristics  to  be  achieved  with  a given  fuel  at  any 
equivalence  ratio,  including  the  case  of  ultra  fuel-lean  combustion  conditions.  In  some  applica- 
tions high  flame  radiations  are  important  while  in  others  a blue  flame  is  desired.  Our  studies  will 
provide  means  of  controlling  the  flame  signatures  and  flame  radiation  in  addition  to  providing  a 
database  for  model  validation  and  model  development. 
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Overview 

Recognizing  that  combustion  processes  within  internal  combustion  engines  take  place  in 
elevated  pressure  environments,  that  most  fundamental  information  on  the  aerothermochemistry 
of  flames  were  obtained  at  substantially  lower  pressures,  and  that  the  chemical  reaction 
mechanisms  which  govern  the  various  flame  processes  are  inherently  nonlinear  which  can  cause 
non-monotonic  variations  of  the  combustion  responses  with  pressure,  the  proposed  program  aims 
to  obtain  fundamental  understanding  and  useful  data  on  flame  propagation,  extinction,  and 
stability,  and  to  assist  in  the  compilation  of  comprehensive  reaction  mechanisms  applicable  to 
pressures  up  to  60  atmospheres.  The  vehicle  of  study  is  the  spark-ignited  outwardly-propagating 
spherical  flame  in  a pressurized  environment.  The  need  to  conduct  the  experiment  in  microgravity 
arises  from  the  interest  in  limit  phenomena  especially  those  associated  with  ultra-lean  combustion, 
and  the  observation  that  buoyancy  tends  to  significantly  distort  the  flame  from  spherical  symmetry 
for  weakly-burning  flames  in  elevated  pressure  environments. 

The  proposed  program  on  near-limit  and  limit  phenomena  at  elevated  pressures  consists  of  the 
following  inter-related  projects,  each  with  its  own  focus  and  objectives:  (1)  Determination  of  the 
laminar  flame  speeds  of  conventional  gaseous  fuels  by  experimentally  measuring  the  stretch- 
affected  propagation  speeds  of  the  spherical  flame  and  systematically  subtracting  out  the  stretch 
effect.  (2)  Determination  of  the  corresponding  Markstein  times  which  represent  the  flame 
responsivity  to  influences  of  aerodynamic  stretching  and  mixture  nonequidiffusion.  (3) 
Determination  of  the  extinction  limits  of  these  aerodynamically-stretched  flames,  and 
computational  assessment  of  the  role  of  radiative  loss  in  extinction  and  the  possible  extension  of 
the  fundamental  flammability  limits  by  stretch.  (4)  Investigation  of  the  characteristics  of  the 
Landau-Danieus  and  diffusional-thermal  flamefront  instabilities,  including  their  interactions  and 
the  influence  of  flame  wrinkling  on  the  flame  propagation  rate.  (5)  Re-compilation  of  existing 
chemical  kinetic  mechanisms  by  using  the  high-pressure  flame  speed  data  as  optimization  points, 
so  as  to  extend  their  applicability  to  higher  pressure  ranges. 

The  experiment,  initially  to  be  conducted  in  the  drop  tower,  will  involve  optical  imaging  of  the 
expanding  flamefront,  from  which  the  instantaneous  flame  speed  and  stretch  rate  can  be 
determined  when  the  flame  is  smooth,  and  the  nature  of  flamefront  instability  can  be  studied  when 
it  is  wrinkled.  From  these  data,  the  laminar  flame  speeds,  the  Markstein  times,  and  the  extinction 
states  can  be  determined.  Re-compilation  of  the  chemical  kinetic  mechanism  will  adopt  state-of- 
the-art  optimization  technique.  Computational  simulation  and  analytical  modeling  using 
detailed/simplified  chemistry  and  transport  will  also  be  conducted,  in  parallel  with  the 
experimentation,  in  order  to  identify  the  controlling  diffusive  and  chemical  kinetic  processes  and 
factors  which  influence  the  various  combustion  responses. 
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It  is  anticipated  that  successful  completion  of  the  proposed  program  will  represent  a significant 
advance  in  our  understanding  of  the  aerodynamics  and  chemical  kinetics  of  flames  at  high 
pressures. 

Proposed  Program 

Before  presenting  the  proposed  program,  it  is  useful  to  first  emphasize  that  while  the  practical 
motivation  for  the  proposed  high-pressure  research  is  for  its  relevance  to  internal  combustion 
engines,  there  are  also  compelling  fundamental  reasons  which  indicate  that  the  dependence  of  the 
various  combustion  responses  on  pressure  can  be  very  nonlinear  due  to  the  underlying  chemical 
kinetics,  and  as  such  simple  scaling  is  not  expected  to  yield  meaningful  results.  To  illustrate  such 
an  influence,  let  us  consider  the  well-known  H-O2  chain  mechanism:  (Rl)  H + 02  — » OH  + O ; 
(R2)  H + 02  +M  — > HO 2 +M  . Here  (Rl)  is  a temperature-sensitive  two-body  branching 
reaction  while  (R2)  is  a temperature-insensitive  three-body  termination  reaction.  As  such,  while 
increasing  pressure  is  expected  to  generally  increase  the  overall  reaction  rate  because  of  the 
dominance  of  (Rl),  the  rate  of  increase  could  be  substantially  slowed  down  by  (R2)  because  third- 
body  reactions  are  favored  over  two-body  reactions  at  higher  pressures.  Indeed,  it  has  been  found 
that,  for  sufficiently  weak  flames  such  that  (Rl)  is  slow,  (R2)  can  become  dominating  and 
therefore  lead  to  a slowing  down  of  the  mass  burning  rate  of  the  flame  with  increasing  pressure. 
The  effect  is  particularly  strong  for  weak  flames,  which  is  quite  contrary  to  what  is  conventionally 
assumed.  With  decreasing  burning  rate,  the  flame  also  becomes  thicker  instead  of  thinner,  and 
will  have  significant  implications  on  the  modeling  of  turbulent  flames. 

With  the  above  illustration  serving  as  background  for  the  complex  and  nonlinear  effects  of 
pressure  on  the  burning  intensity,  we  now  outline  the  proposed  research  for  the  various  projects. 

Determination  of  Laminar  Flame  Speeds 

Ever  since  the  recent  recognition  that  stretch  effects  on  measured  flame  speeds  need  to  be 
subtracted  out  before  the  laminar  flame  speed  s°  of  a combustible  mixture  can  be  determined 
with  fidelity,  extensive  amount  of  data  have  been  collected  for  the  s°  of  a variety  of  fuels.  Most 
of  the  experimental  determinations  have  utilized  the  counterflow  burner,  although  satisfactory 
elevated-pressure  data  could  only  be  taken  for  pressures  below  six  or  seven  atmospheres.  The 
difficulty  is  that  the  flow  becomes  unstable  as  its  Reynolds  number  increases  with  increasing 
pressure,  and  various  constraints  would  lead  to  the  pressure  limit  observed.  A completely 
different  approach  is  therefore  needed  for  the  high  pressure  studies.  This  has  led  to  the  present 
choice  of  the  spark-ignited,  outwardly-propagating  flame  in  an  enclosed  chamber.  Recent  studies 
by  Faeth  and  by  Smith,  at  pressures  slightly  above  atmospheric,  have  demonstrated  the  viability 
and  versatility  of  this  method  in  the  determination  of  stretch-compensated  laminar  flame  speeds. 

The  ability  to  determine  s°  as  discussed  above  implicitly  assumes  that  the  flame  surface  is 
smooth,  although  theoretical  and  experimental  results  have  demonstrated  that  instabilities  in  the 
form  of  cells  can  spontaneously  develop  over  the  flame  surface.  There  is,  however,  a good  reason 
to  believe  that  there  could  exist  sufficient  time  during  flame  propagation  before  these  instabilities 
are  developed.  Furthermore,  the  positive  stretch  associated  with  the  outwardly-propagating  flame 
also  tends  to  suppress  the  development  of  instability.  It  is  therefore  reasonable  to  anticipate  that 
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instabilities  will  develop  only  after  the  flame  has  attained  a certain  size  and  the  stretch  has  reduced 
below  a certain  value.  By  then,  we  will  have  already  gathered  enough  data  to  allow  for  the  flame 
speed  determination. 

Determination  of  Markstein  Times 

It  was  recognized  quite  early  that  most  of  the  laboratory  and  practical  flames  are  subjected  to 
stretch  which  can  be  manifested  through  flow  nonuniformity,  flame  curvature,  and  flame 
unsteadiness. 

Comprehensive  theories  for  stretched  flames  have  shown  that  the  single  most  important 
parameter  characterizing  the  dynamics  of  stretched  flames  is  the  Markstein  time  r . Indeed,  while 
it  is  well-established  that  the  laminar  flame  speed  s°  is  a thermochemical  property  of  a 
combustible  mixture,  characterizing  the  propagation  of  the  one-dimensional  unstretched  flame,  it 
is  less  well  recognized  that  the  Markstein  time  is  another  thermochemical  property  of  the  mixture 
which,  together  with  s° , characterizes  the  propagation  of  the  stretched  flame.  As  such,  the 
Markstein  time  T is  of  the  same  degree  of  importance  as  the  laminar  flame  speed  su  in  flame 
modeling  because  almost  all  practical  flames  are  stretched.  Thus  the  objective  of  this  project  is  to 
conduct  such  a determination,  for  both  atmospheric  and  high  pressures  because  reliable  values  of 
this  parameter  are  lacking.  The  determination  is  actually  quite  straightforward  because  each  linear 
fitting  between  the  stretched  flame  speed  and  the  stretch  rate  yields  the  laminar  flame  speed  as  the 
y-intercept  and  the  Markstein  time  as  the  slope. 

Stretch- Affected  Flammability  Limits 

Recognizing  that  the  fundamental  flammability  limit  is  defined  on  the  basis  of  the  freely- 
propagating  one-dimensional  planar  flame,  and  that  most  flames  are  aerodynamically  stretched,  it 
is  then  of  interest  to  determine  the  extent  to  which  the  fundamental  flammability  limit  can  be 
modified  by  stretch.  For  example,  if  stretch  increases  the  burning  intensity  of  a flame,  then  a 
mixture  which  is  beyond  the  limit  based  on  the  planar  configuration  could  still  be  rendered  to  be 
flammable  due  to  stretch.  Thus  the  relevant  limit  depends  on  the  application,  which  in  most 
situations  involves  the  initiation  and  outward  propagation  of  spherical  flames. 

Experiments  will  therefore  be  conducted  to  map  these  stretch-affected  flammability  limits,  at 
atmospheric  pressure  as  well  as  elevated  pressures.  Computational  simulation  will  also  be 
conducted,  allowing  for  radiative  loss. 

Flamefront  Instabilities 

Premixed  flames  are  subjected  to  three  sources  of  instability,  namely  the  Rayleigh-Taylor 
instability  due  to  density  stratification  in  a gravity  field,  the  Landau-Darrieus,  hydrodynamic 
instability  due  to  thermal  expansion  across  the  flame,  and  diffusional-thermal  instability  due  to 
mixture  nonequidiffusion. 

In  our  microgravity  experiments,  we  shall  first  determine  the  state  at  which  the  Landau- 
Darrieus  and  diffusional-thermal  instabilities  are  triggered.  The  subsequent  evolution  of  the  cells 
will  be  imaged  to  identify  their  characteristic  sizes,  rates  of  growth,  and  the  nature  of  the  chaos 
for  the  diffusional-thermal  cells  and  the  extent  of  regularity  for  the  Landau-Dameus  cells.  We 
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shall  simultaneously  perform  computational  “simulation”  of  the  phenomena,  but  probably  only  for 
two-dimensional  flows.  One-step  overall  reaction  will  be  used,  although  with  the  overall 
activation  energy  extracted  from  the  planar,  one-dimensional  flame. 

We  shall  also  study  the  enhancement  of  the  global  flame  propagation  speed  of  the  wrinkled 
flame  surface  due  to  the  increased  flame  surface  area.  Guided  by  analysis,  we  shall  attempt  to 
develop  some  meaningful  correlation  between  the  experimental  wrinkled  flame  propagation  speed 
and  the  cell  size. 

Input  to  the  Development  of  Chemical  Kinetic  Mechanisms 

An  important  benefit  of  an  accurate  value  of  s°  is  that  it  can  be  used  in  the  development  of  the 
chemical  kinetic  mechanisms  of  fuel/oxidizer  systems.  Because  of  the  complexity  of  these 
mechanisms,  the  adequacy  of  a given  mechanism  is  assessed  by  its  ability  to  quantitatively 
describe  as  many  combustion  experiment/phenomena  as  possible.  Typical  of  these  are  the  ignition 
delay  times  from  shock  tube  experiments,  ignition  and  extinction  limits  from  well-stirred  reactors, 
species  evolution  profiles  from  flow  reactors,  ignition  and  extinction  limits  of  laminar  premixed 
and  diffusion  flames,  and  the  laminar  burning  velocities.  Furthermore,  since  there  exist  sufficient 
unknowns  and  flexibility  in  the  data  base,  the  reliability  of  individual  mechanisms  is  only  limited  to 
the  thermodynamic  parametric  ranges  ( e.g . mixture  concentrations  and  pressure)  of  the  data  base 
upon  which  the  mechanisms  are  “calibrated.”  Because  of  the  intrinsic  nonlinearity  of  the  kinetic 
processes,  application  of  the  mechanism  beyond  the  range  of  calibration  could  lead  to 
quantitatively  as  well  as  qualitatively  erroneous  results.  In  this  regard  we  note  that  the  laminar 
flame  speed  data  used  in  the  calibration  of  several  existing  mechanisms  are  mainly  around 
atmospheric  pressure. 

Thus  the  primary  objective  of  this  project  is  to  use  the  high-pressure  laminar  flame  speed  data 
to  re-assess  and  most  likely  modify  existing  kinetic  mechanism  of  gaseous  fuels.  The  method  to 
be  adopted  for  the  optimization  and  compilation  of  kinetic  mechanisms  is  the  same  as  that  used 
for  the  GRI-Mech.  The  first  fuel  to  be  studied  is  hydrogen  because  of  its  relative  simplicity. 
Following  this,  methane,  propane  and  other  C2  to  C4  compounds  will  also  be  studied.  The 
potential  complication  from  the  development  of  flamefront  instability  can  be  mostly  circumvented 
by  changing  the  nature  and  concentration  of  the  inert  so  as  to  modify  the  mixture  Lewis  number 
and  steer  the  flame  response  away  from  developing  instability.  Since  the  role  of  the  laminar 
burning  velocities  here  is  simply  as  a carrier  of  the  chemical  information  instead  of  its  actual  utility 
in  simulating  burning  conditions  in  practical  situations,  the  proposed  manipulation  is  acceptable. 
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INTRODUCTION 

Partially  premixed  flames  can  be  established  by  design  by  placing  a fuel-rich  mixture  m contact 
with  a fuel-lean  mixture,  but  these  flames  also  occur  otherwise  in  many  practical  systems.  For 
instance,  initially  nonpremixed  combustion  may  involve  regions  of  local  extinction  followed  by 
partial  premixing  and  re-ignition  [1].  Likewise,  partial  premixing  is  an  important  process  in  non- 
premixed flame  liftoff  phenomena,  since  the  reactants  can  mix  slightly  prior  to  ignition  [2,  3]. 
Nonuniform  evaporation  in  spray  flames  can  also  result  in  local  fuel-rich  regions  in  which  burning 
occurs  in  the  partially  premixed  mode  and  the  technique  of  lean  direct  injection  used  to  achieve 
stable  combustion  and  reduced  pollutant  levels  involves  regions  of  partially-premixed  combus- 
tion. In  addition,  unwanted  fires  can  originate  in  a partially  premixed  mode  when  a pyrolyzed  or 
evaporated  fuel  forms  an  initial  fuel-rich  mixture  with  the  ambient  air. 

Under  normal-gravity  conditions  the  flame  heat  release  produces  both  flow  dilatation  and 

buoyancy  effects  in  partially  pre- 
mixed flames.  Gas  expansion  due  to 
the  heating  causes  downstream  mo- 
tion normal  to  the  flamefront.  The 
buoyant  gases  accelerate  the  flow  in 
an  opposite  direction  to  the  gravity 
vector,  causing  air  entrainment  that 
enhances  the  fuel-air  mixing  and,  con- 
sequently, influences  the  upstream 
region.  While  it  is  possible  to  mini- 
mize gravitational  effects  in  a pre- 
mixed flame  by  isolating  buoyancy 
effects  to  the  lower-density  post- 
flame region  or  plume,  it  is  not  so 
straightforward  to  do  so  in  nonpre- 
mixed flames.  Several  investigations 
have  established  that  partially  pre- 
mixed flames  can  contain  two  (even, 
three)  reaction  zones  (e.g.,  Refs.  4-8), 
one  with  a premixed-like  structure  and 
the  other  consisting  of  a transport- 
limited  nonpremixed  zone  (in  which 
mixing  and  entrainment  effects  are 
significant).  For  these  reasons  it  is 
important  to  understand  the  interac- 


Figure  1:  (a)  Schematic  diagram  of  the  burner  and  com- 
putational domain,  (b)  Comparison  of  the  simulated 
heat  release  with  the  C2-chemiluminescence  image  for  a 
1-g  flame  established  at  <])  = 2,  and  Vreac  = Vair  = 30  cm 
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tion  between  flow  dilatation  and  buoyancy  effects 
in  partially  premixed  flames.  This  investigation 
compares  the  results  obtained  from  numerical  com- 
putations of  two-dimensional  partially  premixed 
methane-air  flames  established  under  both  normal 
and  zero  gravity  conditions. 

This  investigation  pertains  to  partially  premixed 
flames  established  on  a rectangular  Wolfhard-Parker 
slot  burner  that  is  schematically  depicted  in  Fig.  1 (a) 
and  described  elsewhere  [9] . A fuel-rich  mixture  is 
introduced  from  the  inner  slot,  and  air  from  either 
side  of  it.  Identical  two-dimensional  flames  are  es- 
tablished on  either  side  of  the  centerline. 

The  combustion  process  is  simulated  by  em- 
ploying a detailed  numerical  model  based  on  the  so- 
lution of  time-dependent  governing  equations  for  a 
two-dimensional  reacting  flow.  Further  details  about 
the  numerical  procedure  and  the  treatment  of 
boundary  conditions  are  provided  in  earlier  publica- 
tions (10-12].  A relatively  detailed  17-species,  52-step  Cpmechanism  is  used  to  represent  the 
CH4-air  chemistry  [13], 

RESULTS  AND  DISCUSSION 

The  simulations  are  validated  by  comparing  the  predicted  heat  release  profile  with  the  experi- 
mentally obtained  chemiluminescent  emission  due  to  excited-Q*  free  radical  species  from  a repre- 
sentative flame  established  under  normal  gravity  conditions  (cf.  Fig.  1(b)).  Images  of  the  (1,0)  C2 
Swan  band  (at  a wavelength  of  473  nm  [27])  are  obtained  through  a narrow  wavelength  interfer- 
ence filter  (470  ± 10  nm).  The  emission  can  be  interpreted  as  a signature  of  chemical  reaction  and 
heat  release  [9,  14-16],  since  the  excited  C2  free  radical  species  is  short-lived,  a good  indicator  of 
the  reaction  zone  and  its  light  intensity  is  known  to  vary  linearly  with  the  volumetric  heat  re- 
lease. The  chemiluminescence  images  are  directly  proportional  to  the  C2*  formation  rates  and, 
thus,  serves  as  a qualitative  rate  measure  of  the  flame  chemistry  [15], 

Figure  1 (b)  contains  a comparison  between  the  predicted  heat  release  rate  and  the  experimen- 
tally-obtained emission  image  for  a representative  1-g  methane-air  flame  established  at  an  equiva- 
lence ratio  <|)  = 2,  and  air  and  reactant  velocities  (respectively,  Vair  and  Vreac)  of  30  cm  s'1.  Both 

the  simulated  heat  release  and  the  C2  -emission  signal  are  confined  to  two  relatively  thin  sheet- 
like reaction  zones,  one  each  on  the  rich  and  lean  sides  of  the  flow.  The  simulation  and  experi- 
ment show  excellent  agreement  with  respect  to  the  spatial  location  of  the  reaction  zones.  Com- 
bustion proceeds  in  two  distinct  separated  reaction  zones,  one  an  inner  premixed  flame  and  the 
other  an  outer  nonpremixed  flame.  The  highest  temperatures  occur  in  the  outer  flame.  The  chem- 
istiy  is  frozen  in  the  region  between  the  inner  and  outer  reaction  zones  despite  the  high  tempera- 
tures there  due  to  a local  scarcity  of  hydroxyl  radicals  that  are  required  to  oxidize  the  intermediate 
species  CO  and  H2,  which  are  formed  in  the  inner  (premixed-like)  reaction  zone. 
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The  computed  ve- 
locity field  is  com- 
pared with  measure- 
ments obtained  using 
particle  image  veloci- 
metry.  Figure  2 com- 
pares the  measured 
and  computed  veloc- 
ity vectors  in  the  1-g 
flame  discussed  in  the 
context  of  Fig.  1(b). 

The  flame  interface 
separates  smaller  ve- 
locity magnitudes  on 
the  reactant  side  from 
larger  values  on  the 
partially  burned  side 
in  both  sets  of  data. 

The  measured  and 
predicted  results  are 
in  excellent  agreement. 

Flow  dilatation  due  to 
the  inner  flame  heat 

release  causes  the  velocity  vectors  to  move  away  from  the  centerline.  The  experimental  data  are 
sparse  in  some  post-flame  regions,  since  dilatation  reduces  the  particle  seed  densities  in  those  ar- 
eas considerably.  Consequently,  there  is  some  discrepancy  in  the  comparison  in  the  post-flame 
region  due  to  experimental  uncertainties. 

Figure  3 depicts  the  normal-  and  zero-gravity  flame  structures  for  different  values  of  Vreac  and 
<().  For  both  the  1-g  and  0-g  flames,  the  inner  and  outer  reaction  zone  heights  increase  as  either  or 

both  of  the  reactant  velocity  and  the  equivalence  ratio  are  increased.  The  dependence  of  the  inner 
flame  height  on  the  reactant  velocity  is  attributable  to  the  residence  time,  since  the  chemical  reac- 
tion time  essentially  depends  only  on  the  equivalence  ratio.  Consequently,  the  premixed  reaction 
zone  moves  to  increasingly  higher  axial  locations  as  Vreac  is  raised.  On  the  other  hand,  the  chemi- 
cal reaction  time  also  increases  as  <J>  is  increased  and,  consequently,  the  inner  flame  height  in- 
creases. The  increase  in  the  outer  flame  height  with  larger  reactant  velocities  is  attributed  to  two 
factors:  (1)  Due  to  the  strong  synergistic  interactions  between  the  two  flames,  the  outer  flame 
height  increases  with  the  inner  flame  height;  (2)  Larger  values  of  Vreac  enhance  the  advection 
fluxes  of  CO  and  H2  (that  are  provided  by  the  inner  reaction  zone  and  serve  as  intermediate  fuels) 
that  move  the  outer  flame  farther  downstream  in  the  axial  direction. 

The  presence  of  gravity  reduces  the  spatial  separation  between  the  inner  and  outer  reaction 
zones  and,  thereby,  enhances  the  interaction  between  these  regions.  While  the  inner  flame  charac- 
teristics are  essentially  unaffected  by  gravity,  the  outer  flame  shows  a strong  sensitivity  to  grav- 


Figure  3:  Heat  release  rate  contours  and  velocity  vector  plots  for  several 
normal-  and  zero-gravity  flames  (for  all  of  the  cases  Vair  = 30  cm/s):  (a) 
Vreac  = 20  cm/s,  <J)  = 2.0;  (b)  Vreac  - 30  cm/s,  <|)  - 2.0;  (c)  Vreac  = 50 
cm/s,  <|>  = 2.0;  and  (d)  Vreac  = 30  cm/s,  <|)  = 2.5. 
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ity.  For  all  the  cases  considered,  the  presence  of  gravity  makes  the  outer  flame  more  compact, 
taller,  and  closer  to  the  inner  flame.  In  addition,  the  outer  flames  exhibit  weaker  reaction  rates  at 
their  tips  at  zero-gravity  as  compared  to  their  1-g  counterparts.  This  is  apparently  caused  by  the 
relatively  enhanced  diffusive  fluxes  downstream  of  the  inner  premixed  zone  compared  to  the  re- 
duced advection  fluxes  in  the  outer  region  for  the  0-g  flames. 

While  the  advection  of  H-atoms  in  the  region  of  the  inner  reaction  zone  is  similar  for  both  the 
1-  and  0-g  flames,  it  is  markedly  dissimilar  in  the  region  of  the  outer  reaction  zone.  Therefore, 
buoyant  transport  enhances  radical  advection  into  the  outer  reaction  zone.  In  contrast,  the  flux  of 
radical  species  into  the  outer  reaction  zone  of  the  zero-gravity  flame  is  smaller  and,  consequently, 
the  reactant  residence  times  are  larger  in  the  outer  zone  of  that  flame.  The  advective  flux  of  the 
various  species  in  the  region  contained  between  the  inner  and  outer  reaction  zones  is  much  larger 
at  normal  gravity  and,  consequently,  the  separation  between  the  inner  and  outer  reaction  zones  is 
smaller  at  1-g.  In  general,  buoyancy  effects  increase  the  advection  of  all  species.  Therefore,  the  1- 
g flames  exhibit  larger  emission  of  unbumed  intermediates,  such  as  CO  and  H2. 
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IN™attachIent^f  a diffusion  flame  to  solid  or  liquid  surfaces  is  of  fundamental  and  practical 
importance  because  of  its  relation  to  flame  holding  by  bodies  in  combustion  chambers  and  fire 
spread  through  condensed  fuels  for  both  terrestrial  and  space  applications.  Although  simple 
diffusion  flames  formed  in  a gaseous  fuel  jet  or  over  a flat  fuel  surface  in  a parallel  oxi  g 
stream  have  long  been  studied  as  model  combustor  flames  and  fires,  a flame-holding  or  stand  g, 
mechanism  has  not  been  fully  understood.  The  objectives  of  this  research  are Do 
structure  of  the  flame  stabilizing  region  (flame  base)  of  laminar  two-dimensional  (2D)  jet  diffusion 
flames  and  steady-state  flat-plate  burner  flames  in  microgravity  and  to  develop  a unified  flame 
stabilization  mechanism  common  to  these  flames.  The  roles  of  inhibitors,  particle  dynamics,  an 
boundary  layer  structure  in  flame  stabilization  will  also  be  addressed  during  the  project. 

processes  are,  in  ge„erai,  rate  „g,  ye,  partial  fuei-an 

premixing  in  the  quenched  (dark)  space  near  the  surfaces  auguments  reaction  processes.  Ear  y 
investigators  [1]  postulated  that  “there  must  be  a sort  of  flame  velocity  in  this  premixed  zone 
the  base  which  causes  the  combustion  processes  to  propagate  downwards  along  the  flame  fron 
against  the  gas  stream,  thus  preventing  the  flame  from  lifting.”  A correlation  was  obtained  [2] 
between  the  velocity  of  the  flow  entrained  into  the  flame  base  at  lifting  and  the  maximum  burning 
velocity  for  hydrogen  flames.  However,  the  flame  structure  measurements  [3]  in  a small  (~a  lew 
rl  square)  stabilizing  region  of  rim-attached,  laminar  flames  of  methane  revealed  a premixed 

zone  which  was  too  narrow  for  a premixed  flame  to  propagate. 

Recent  observations  by  two-color  particle  image  velocimetry  (PIV)  (Fig.  1)  and  computations 
(Fig.  2)  of  the  stabilizing  region  of  methane  flames  [4]  have  led  to  a hypothesis:  In  normal  Earth- 
gravity  the  oxidizing  flow  is  induced  due  to  buoyancy  even  m still  air,  and  the  highest  reactivity 
(heat-release  or  oxyfen-consumption  rate)  spot,  or  reaction  kernel,  is  formed  in  the  flame  base  at 
relatively  low  flame  temperatures  by  back-diffusion  of  radical  species  against  e lneomi  g 
oxygen-abundant  flow.  The  calculated  peak  heat-release  rate  or  oxygen-consumption  rat 
depends  almost  linearly  on  the  velocity  at  the  reaction  kernel  for  both  jet  and  flat-plate  diffusion 
flames.  Therefore,  the  reaction  kernel  provides  a stationary  ignition  source  to  incoming  reactants, 

sustains  combustion,  and  thus  stabilizes  the  trailing  diffusion  flame. 

In  microgravity,  however,  no  buoyancy-induced  flow  exits  m a quieten ^environment  and 
thus,  diffusion  is  the  only  transport  mode  and  limits  the  reaction  rates  [5]  Flame  stabilization 
mechanisms  in  this  regime  remain  largely  unstudied.  By  decreasing  the  velocity  of  the  approach 
air  flow  under  microgravity,  the  structure  of  the  flame-stabilizmg  region  and  a transition  from  th 
convective-diffusive  mode  to  the  pure  diffusion  mode  can  be  studied  systematically. 
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RESEARCH  APPROACH 

Ground-based  experiments  will  be  conducted  under  normal  Earth-  and  low-gravity  conditions 
using  the  2.2-s  drop  tower  and,  occasionally,  the  5.18-s  zero-gravity  facility.  A small  2D 
diffusion  flame  burner  (Fig.  3),  which  can  be  configured  as  a free  jet,  wall  jet,  porous  flat-plate, 
and  backward  facing  step — essential  features  in  combustion  systems  and  fires — will  be  placed  in 
an  air  duct  (Fig.  4).  An  intensified  charge-coupled  device  with  an  interference  filter  will  capture 
images  of  the  chemiluminescence  emissions  from  OH  or  CH  radicals.  Two-color  PIV  using 
pulsed  xenon  flashlamps  and  color  filters  will  measure  the  velocity  field  and  provide  flow 
visualization  information.  Interferometry  [6]  will  measure  the  temperature  distributions.  The  2D 
burner  possesses  a great  advantage  for  emission  imaging  and  interferometry:  a long  optical  path 
and  simple  deconvolution  process.  The  diagnostic  measurements  are  made  in  a small  stabilizing 
region  to  obtain  high-resolution  data.  Methane,  ethylene-nitrogen,  and  hydrogen-nitrogen 
mixtures  are  the  fuels.  The  air  and  fuel  velocities  are  major  parameters. 

The  numerical  code  (UNICORN)  to  be  used  was  developed  by  Katta  et  al.  [7]  and  validated 
against  measurements  and  flow  visualization  of  various  diffusion  and  premixed  flame  phenomena; 

i.e.,  extinction,  ignition,  vortex-flame  interactions,  and  attachment  mechanisms  [4,  8,  9],  Time- 
dependent  governing  equations  consist  of  mass  continuity,  axial  and  radial  momentum 
conservation,  energy  conservation,  and  species  conservation  equations  with  the  ideal-gas  equation 
of  state.  Body-force  term  caused  by  the  gravitational  field  is  included.  The  momentum  equations 
are  integrated  using  an  implicit  QUICKEST  scheme.  The  transport  coefficients  are  estimated 
using  molecular  dynamics  and  mixture  rules.  The  enthalpy  of  each  species  is  calculated  from 
polynomial  curve-fits.  The  semi-detailed  chemistry  model  [10]  for  24  species  and  81  elementary 
steps  is  used. 
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Fig.  1 (a)  A two-color  PIV  photograph  and  (b)  measured  velocity  vectors  of  the  stabilizing 
region  of  methane  jet  diffusion  flames,  d = 9.45  mm.,  Ua  = 0.72  m/s,  L/j  = 1.8  m/s.  [4] 


r (mm)  ’ (mm) 

Fig.  2 Calculated  (a)  velocity  vectors,  isotherms  (unit,  K),  and  heat-release  rate  (J/cm3s);  and  (b) 
molar  flux  vectors  of  H,  mole  fraction  of  oxygen,  and  water  vapor  production  rate  (mol/cm3s)  in  a 
methane  jet  diffusion  flame.  d=  9.5  mm.,  Ua  = 0.72  m/s,  Uj  = 1.7  m/s.  [4] 
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Fig.  3 The  diffusion  flame  burner  configurations,  (a)  Slot  burner,  (b)  slot  burner  with  a plate,  (c) 
flat-plate  burner,  and  (d)  flat-plate  burner  with  a step.  F:  fuel,  A:  air,  andN:  nitrogen. 


Fig.  4 Experimental  apparatus.  Flow  system — BL:  air  blower,  HC:  honeycomb,  MS:  mesh 
screen,  B:  burner,  QW:  quartz  window,  MFC:  mass  flow  controller,  S:  seeder.  Interferometer — 
He-Ne:  laser,  BE:  beam  expander,  M:  mirror,  SP:  shear  plate,  DP:  diffuse  plate,  BW-CCD: 
monochrome  camera.  PIV — Xe:  xenon  lamp,  F:  filter,  SFO:  sheet-forming  optics,  SLR:  35-mm 
camera,  C-CCD:  color  camera.  Emission — ICCD:  intensified  camera. 
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INVESTIGATION  OF  STRAIN  / VORTICITY  AND  LARGE-SCALE 
FLOW  STRUCTURE  IN  TURBULENT  NONPREMIXED  JET  FLAMES 

N.  T.  Clemens,  Department  of  Aerospace  Engineering  and  Engineering  Mechanics,  The 
University  of  Texas  at  Austin,  Austin,  TX  78712. 


BACKGROUND  AND  MOTIVATION 

Our  study  will  use  the  microgravity  environment  to  investigate  the  underlying  flow  structure 
of  turbulent  nonpremixed  round  jet  flames.  In  particular,  we  aim  to  investigate  the  large-scale 
turbulent  structure  using  planar  laser  Mie  scattering  (PLMS),  and  the  strain  rate  and  vorticity 
fields  using  particle  image  velocimetry  (PIV).  This  work  is  motivated  by  recent  studies  in  our 
laboratory  that  have  led  to  several  interesting  observations  of  nominally  momentum-driven 
turbulent  nonpremixed  planar  flames.  First  of  all,  the  organized  large-scale  turbulent  structures 
that  are  observed  in  nonreacting  planar  jets  may  be  substantially  modified  or  suppressed  in 
nonpremixed  planar  jet  flames.1  Furthermore,  a recent  study  using  PIV  and  planar  laser-induced 
fluorescence  of  OH  has  shown  that  in  transitional  and  turbulent  nonpremixed  planar  jet  flames 
the  presence  of  the  flame  seems  to  greatly  influence  the  underlying  vorticity  and  strain  fields,  as 
compared  to  nonreacting  jets.3  For  example,  the  reaction  zones  in  the  jet  flames  are  strongly 
correlated  with  regions  of  high  vorticity.  A related  study  has  demonstrated  that  vorticity  is  not 
correlated  in  the  same  way  with  either  iso-scalar  surfaces  or  scalar  dissipation  layers  in 
nonreacting  planar  jets.3  Furthermore,  the  relationship  between  strain  and  the  reaction  zone 
appears  to  be  modified  by  the  presence  of  high  levels  of  heat  release.  In  particular,  the  strain  rate 
field  in  planar  jet  flames  exhibits  a preferred  direction  of  principal  compressive  strain  that 
apparently  is  related  to  strong  shear  across  the  reaction  zone.3  This  preferred  direction  of  strain 
was  not  observed  in  nonreacting  jets. 

One  of  the  major  problems  encountered  when  conducting  these  types  of  studies  is  that  it  is 
difficult  to  know  to  what  extent  buoyancy  influences  the  results.  Therefore,  the  microgravity 
environment  provides  us  with  an  excellent  opportunity  to  explore  these  issues  without  the 
complicating  effects  of  buoyancy.  This  is  particularly  the  case  when  studying  flames  that  are 
transitional  between  laminar  and  turbulent  states.  For  example,  the  strong  correlation  of  vorticity 
with  the  reaction  zone  (discussed  above)  was  observed  in  both  transitional  and  turbulent  planar 
flames,  but  the  effect  was  stronger  for  the  transitional  case.  To  date,  the  reason  for  the  presence 
of  the  vorticity-reaction  zone  correlation  is  not  known,  although  vorticity  production  via 
baroclinic  torque  is  a likely  cause.  The  microgravity  environment  will  allow  us  to  specifically 
determine  whether  the  vorticity  is  produced  by  baroclinic  torque  resulting  from  the  flame  density 
gradient  acting  with  the  hydrostatic  pressure  gradient.4  Additional  details  of  the  planned 
experiments  are  provided  below. 

APPROACH 

We  will  conduct  a study  of  the  turbulent  structure  of  nonpremixed  jet  flames  that  will  be 
performed  under  both  microgravity  and  standard  gravity  conditions.  The  microgravity 
experiments  will  allow  us  to  investigate  the  fundamental  structure  of  momentum  dominated 
flames,  while  comparisons  with  standard  gravity  flames  will  allow  us  to  infer  how  weak 
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buoyancy  effects  modify  this  basic  structure. 

The  microgravity  experiments  will  be  conducted  in  the  NASA  Lewis  2.2-second  droptower.  A 
schematic  diagram  of  a preliminary  drop  box  design  is  shown  in  Figure  1 . The  jet  flame  will 
likely  be  generated  using  a 3 mm  diameter  tube  flowing  hydrogen  or  methane  diluted  with  an 
inert  to  reduce  the  flame  length.  So  that  higher  Reynolds  numbers  can  be  achieved  without 
liftoff,  a pilot  flame  will  be  used.  Both  the  PLMS  and  PIV  measurements  will  use  a stationary 
Nd:YAG  system  available  at  NASA  Lewis  whose  light  is  delivered  to  the  box  via  fiber  optic 
cable.  The  laser  beam  will  be  formed  into  a sheet  on  one  side  of  the  drop  box  and  then  directed  to 
the  flame  using  a mirror.  The  flame  itself  will  be  located  on  the  other  side  of  the  box,  so  that 
there  is  sufficient  distance  to  form  the  laser  sheet.  Alumina  particles  will  be  seeded  into  the  jet 
fluid  using  a fluidized  bed.  For  the  PIV  measurements  it  will  probably  be  necessary  to  seed 
particles  into  the  outer  flow,  particularly  for  regions  near  the  flame  base;  however,  without  a 
coflow  this  will  be  problematic.  The  external  flow  seeding  will  probably  be  accomplished  using 
some  type  of  localized  injection  of  a low  momentum  particle-laden  stream  into  the  outer  flow. 

We  expect  that  this  will  be  an  issue  that  will  require  substantial  development  work.  For  both  the 
PLMS  and  PIV  experiments,  the  particle  scattering  will  be  captured  using  a lk  x lk  CCD  camera 
(Kodak  ES1.0).  For  PIV  this  camera  will  operate  in  a frame-straddling  mode  where  each  image  is 
placed  in  a different  frame,  thus  removing  any  directional  ambiguity  and  reducing  particle 
dropout  in  low  velocity  regions.  We  expect  that  the  output  from  the  camera  will  be  sent  to  a 
stationary  computer  via  a fiber-optic  transmission  cable. 

The  proposed  study  will  be  aimed  at  a thorough  exploration  of  the  issues  identified  in  the  first 
section.  In  particular,  we  will  investigate  two  primary  aspects  of  flame  structure:  1)  the 
characteristics  of  the  large-scale  turbulent  structure,  and  2)  the  structure  of  the  underlying  strain 
and  vorticity  fields.  The  large-scale  structure  will  be  investigated  both  qualitatively  and 
statistically  using  large  ensembles  of  PLMS  images.  Specifically,  we  will  seek  to  address  how 
the  large-scale  turbulent  structure  of  momentum  dominated  jet  flames  differs  from  that  of 
isothermal  jets,  and  how  this  structure  is  modified  under  weakly  buoyant  conditions. 

Furthermore,  the  strain  and  vorticity  fields  will  be  investigated  using  the  PIV  measurements.  We 
will  specifically  address  issues  such  as  whether  the  strong  correlation  between  vorticity  and  the 
reaction  zone  - previously  observed  in  transitional  and  turbulent  flames  at  standard  gravity  - is 
due  to  gravity-induced  baroclinic  torque.  Furthermore,  it  will  be  possible  to  investigate  the 
evolution  of  the  underlying  strain  field  as  the  jet  transitions  from  laminar  to  turbulent.  Under 
standard  gravity  conditions,  it  is  difficult  to  do  this  as  buoyancy  effects  typically  dominate  at  the 
lower  Reynolds  numbers.  Finally,  the  microgravity  environment  will  allow  us  to  isolate 
particular  effects,  such  as  finite  rate  chemistry,  on  the  flame  structure,  in  a way  that  either  would 
be  impossible,  or  at  least  less  than  definitive,  at  standard  gravity  conditions. 

ACKNOWLEDGEMENT 

This  work  will  be  supported  under  the  NASA  Microgravity  Combustion  Science  Program. 


448 


TURBULENT  NONPREMIXED  JET  FLAMES:  N T Clemens 


Figure  1 . 


sssffi  s tzi £ freest: 

excuse  the  poor  conversion  of  the  figure  to  PDF  format.) 


references 

, . Rehm,  J.E.  and  Clemens,  N.T.,  “The  large-scale  turbulent  structure  of  planar  jet  diffusion 

flames  ” Combustion  and  Flame,  Vol.  116,  pp.  615-626, 1999. 

o R.hm  T F and  Clemens  N T„  “The  relationship  between  vorticity/strain  and  reaction  zone 
2.  Rehm,  J.E.  and  Clemens,  in. i.,  flames”  Twenty-Seventh  Symposium 

structure  in  turbulent  nonpremixed  planar  jet  names,  y 

(International)  on  Combustion,  pp.  1 1 1 3- 1 1 20, 1 998. 

_ D , re  j nemens  N T “The  association  of  strain/vorticity/dilatation  and  reaction 

3'  ^hTL S. ^remixed  planar  jet  flames,”  A1AA  paper  99-0676,  January, 

19".  . . . , 

4.  Chen,  L-D,  Roquemore,  W.M.,  Goss,  L.P  ^d  Vilim^.  V.^Vortici.y  Generat.on  « Jet 
Diflusion  Flames,”  Combustion  Science  and  Technology,  Vol.  77,  pp.  41-57, 


449 


Sv  i>  ■=/  ~s>  f 


LARGE  EDDY  SIMULATION  OF 
GRAVITATIONAL  EFFECTS  ON 
TRANSITIONAL  AND  TURBULENT 
GAS-JET  DIFFUSION  FLAMES 
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OBJECTIVE 


The  objective  of  this  work  is  to  assess  the  influence  of  gravity  on  the  compositional  and 
the  spatial  structures  of  transitional  and  turbulent  hydrocarbon  flames  with  nonpremixed 
reactants.  This  is  an  entirely  ground-based  research  in  which  we  ^ “tihze  i 1 reC^nt  y 
developed  methodology  termed  the  “filtered  mass  density  function  (FMDF)  [1]  for  large 
eddy  simulation  (LES)  of  turbulent  reactive  flows.  The  novelty  of  the  methodology  is  that  it 
allows  for  “reliable”  LES  of  turbulent  flames  at  a small  fraction  of  the  computational  cost  of 
direct  numerical  simulation  (DNS).  It  also  allows  for  inclusion  of  “realistic  physics;”  this  has 
been  difficult  in  the  majority  of  previous  contributions  via  DNS  [2,3].  Moreover,  it  facilitates 
detailed  analysis  of  the  compositional  structure  and  the  evolution  of  the  flame  which  are  not 
possible  via  “Reynolds  averaged  simulation”  (RAS)  [4]. 


The  flow  configuration  is  that  of  a gas-jet  in  which  a fuel  is  issued  from  a jet  into  a coflowing 
(or  stagnant)  stream  of  an  oxidizer.  The  importance  of  buoyancy  in  such  a diffusion  flame  is 
well  recognized  [5].  However,  presently  there  are  very  few  large  scale  computational  strate- 
gies which  can  include  all  of  the  important  physical  intricacies  of  turbulent  combustion  in 
this  configuration.  The  LES/FMDF  methodology  will  be  used  in  conjunction  with  realistic 
representations  of  the  chemical  kinetics  effects;  thus  replicating  a “genuine”  flame  via  nu- 
merical simulations.  The  simulated  results  will  be  utilized  for:  (i)  capturing  the  unsteady 
evolution  of  the  flame  and  the  influence  of  buoyancy-induced  flow  on  the  “spatial  flame 
structure,  (ii)  determining  the  statistical  flame  behavior  at  varying  gravity  levels  and  orien- 
tations, (iii)  elucidating  the  “compositional  structure”  of  the  flame  at  microgravity,  and  (iv) 
analyses  of  the  data  set  recently  made  available  by  the  Microgravity  Science  and  Application 
Division  of  the  NASA  Headquarters  [6,7]. 


FORMULATION 

Large  eddy  simulation  involves  the  spatial  filtering  [8]:  (/(x,  t))f  J/(x  ,f)7i(x  ,x)dx  , 
where  H denotes  the  filter  function,  (/(x,<))<  represents  the  filtered  value  of  the  transport 
variable  /(x,f).  In  variable  density  flows  it  is  more  convenient  to  consider  the  Favre  Altered 
quantity,  {f(x,t))L=(pf)tl(p)t-  For  spatially  k temporally  invariant  and  localized  filter 
functions,  «(x',x)  = H{x'  - x)  with  the  properties  [8],  H(x)  - H(-x),  and  f H^]dx 
1 The  FMDF  is  proposed  to  be  implemented  via  two  formulations:  (I)  to  consider  only  the 
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subgrid  scale  (SGS)  scalar  quantities,  (II)  to  consider  the  SGS  velocity-scalar  quantities. 

To  summarize  formulation  I,  Let  <p(x,  t)  denote  the  scalar  array.  The  joint  “filtered  mass 
density  function”  (FMDF)  is  defined  as  FL(ip- x,  t)  = /+~  p{x' , t)(  [ 0 , <j>(x’,  <)]  H(x'  - x)dx' 
with  £ [ip,  (p(x,  f)]  = 8[ip  (p{x,  <)]  = n:=i  8[ipa-<i>Q(x,  f)],  where  8 denotes  the  delta  function, 
<r  is  the  number  of  scalar  variables,  and  ip  denotes  the  composition  domain  of  the  scalar 
array.  The  term  ([<p,iP(x,t)}  is  the  “fine-grained”  density  [9],  and  the  FMDF  is  the  mass 
weighted  spatially  filtered  value  of  the  fine-grained  density  which  provides  all  the  statistical 
information  pertaining  to  the  subgrid  values  of  the  scalar  field.  With  this  formulation, 
however,  the  resolved  hydrodynamic  field  must  be  simulated  by  other  means.  For  that  we 
will  make  use  of  procedures  which  are  well-established  in  the  LES  of  non-reacting  flows. 
The  need  for  closures  associated  with  the  velocity-velocity  and  velocity-scalar  fluctuations 
is  avoided  by  formulation  II  in  which  the  joint  velocity-scalars  FMDF,  TLCV,ip-x  t)  = 
f-oo  P(x  1 [V,  U(x  ,t),ip,  <p(x\  <)]  G(x'—x)dx'  with  £ [V,  U(x,  t ),  ip,  (p(x,  t)]  = n*=i  <5[u*  — 
u*(x>  0]  rio=i  , - <f>a(x,  <)].  In  the  transport  equation  for  the  joint  velocity-scalar  FMDF 
the  terms  associated  with  SGS  convection,  buoyancy,  and  chemical  reaction  are  represented 
in  a closed  form.  The  transport  equation  for  the  FMDF  is  obtained  by  following  the  same 
procedure  as  that  used  in  PDF  methods  [9].  The  derivation  procedure  is  rather  lengthy  [1,10] 
and  is  not  presented  here. 

NUMERICAL  SIMULATIONS 

The  most  convenient  means  of  solving  the  FMDF  transport  equation  is  via  the  “Lagrangian 
Monte  Carlo”  procedure.  In  this  procedure,  the  FMDF  is  represented  by  an  ensemble  of 
computational  “stochastic  elements”  (or  “particles”)  which  are  transported  in  the  “physi- 
cal space”  by  the  combined  actions  of  large  scale  convection  and  diffusion  (molecular  and 
subgrid).  In  addition,  transport  in  the  “composition  space”  occurs  due  to  chemical  reac- 
tion and  SGS  mixing.  These  are  represented  by  the  stochastic  differential  equations  (SDEs) 
dXi(t)  = T>i(X(t),t)dt  + £(X(t),  t)dWi(t),  d<f>+(t)  = 7 la(<p+,t)dt  where  Xi  is  the  Lagrangian 
position  of  the  particles,  V and  £ are  known  as  the  “drift”  and  “diffusion”  coefficients,  and 
W,  denotes  the  Wiener  process  [11],  0+  denotes  the  scalar  value  of  the  particle  with  the 
Lagrangian  position  vector  X{.  The  PDFs  of  the  stochastic  processes  ( Xt (i),  <f>+(t))  are 
governed  by  the  Fokker-Planck  equation. 

For  the  numerical  solution  of  the  hydrodynamic  field  in  formulation  I,  we  will  use  a high- 
order  accurate  finite  difference  procedure  based  on  the  “compact  parameter”  scheme  [12]. 
All  the  finite  difference  operations  will  be  performed  on  fixed  grid  points.  The  transfer  of 
information  from  the  fixed  finite  difference  points  to  the  location  of  the  Monte  Carlo  particles 
will  be  conducted  via  interpolation.  In  formulation  II,  the  Monte  Carlo  procedure  will  also 
be  applied  to  the  velocity  field.  In  this  case,  obviously,  additional  SDEs  must  be  considered. 
With  this  joint  FMDF  formulation,  the  effects  of  small  scale  convection  appear  in  a closed 
form,  thus  eliminating  the  need  for  the  SGS  viscosity  and  diffusivity  as  needed  in  formulation 
I.  In  this  regard,  the  FMDF  scheme  is  expected  to  be  more  flexible  (and  more  powerful)  than 
the  conventional  LES  even  for  non-reacting  flow  simulations.  The  computational  advantage 
is  that  the  interpolation  procedure  as  discussed  above  is  not  required  since  the  Monte  Carlo 
elements  carry  information  pertaining  to  both  the  composition  and  the  velocity.  We  plan 
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to  start  with  the  Langevin  equations  proposed  by  Pope  [13]  for  the  velocity  field  This 
procedure  is  reasonably  well  developed  in  RAS  and  its  relation  to  second  order , 
closures  is  well  understood.  We  will  consider  several  of  the  Ornstein-Uhlenbeck  [11)  type 

closures  as  suggested  in  RAS  [13]. 


PLAN 

We  will  consider  the  jet-flame  configuration  in  which  the  fuel  is  issued  with  a velocity  (/,„ 
and  temperature  T,„  from  a jet  of  width  i into  a co-flowing  stream  of  ox.dr^r  with  he 
velocity  U = rUin  0 < r < 1 and  temperature  Tou  in  an  environment  in  which  the 
gravity  vector  is  g,  with  varying  levels.  For  this  flow  configuration,  the  M^dynamic 
parameters  which  characterize  the  flame  structure  are  the  Reynolds  number,  the 
number  and  the  Richardson  number.  Assessment  of  the  spatial  structure  of  th 
rather  straightforward.  The  primary  quantities  to  be  considered  are  the  velocity 
the  mass  fractions  of  the  major  & the  radical  species,  and  the  temperature.  The  uns  J 
spatial-temporal  (x  - t)  evolution  of  these  quantities  and  their  time-sampled  (Reynolds 
av^)  values  can  be ’readily  constructed  from  the  LES  results.  The  stat.st.cd  quant.tre, 
are  the  means  & the  covariance  (the  first  two  joint  moments)  and  the  jomt  PDFs.  I he 
most  obvious  influence  of  gravity  on  the  spatial  structure  ,s  on  the  flame  he, ght.  In  some  oi 
the  cases,  because  of  enormous  computational  requirements  even  in  LES)  we  will  not  be 
able  to  capture  the  full  flame  height  by  three-dimensional  (3D)  ™datws  at  h.gh  Reyno 
numbers.  While  consideration  of  high  Reynolds  numbers  is  P«s.ble  by  LES,  it » no t P^'We 
to  consider  a large  enough  computational  domain  in  3D  wh.ch  ful  y encloses  the  flame  In 
order  to  have  a “rough  estimate”  of  this  influence  of  gravity  we  will  perform  2D  simulation 
for  which  we  can  consider  a larger  domain.  The  construction  of  the  compositional  structure 
requires  data  analvses  in  the  domain  of  the  “mixture  fraction.  ’ This  includes  considers  ion 
of  both  the  “scattered”  data  and  the  “conditional  statistics,”  such  as  the  conditional  averages 

and  the  conditional  PDFs. 

Another  ambitious  but  hopefully  feasible  component  of  our  proposed  research  is  model  as- 
sessment by  comparison  of  LES  results  with  experimental  and,  to  a limited  extent  DNS  data. 
Microgravity  experimental  data  are  compiled  by  NASA  [6],  including  the  results  obtained 
by  Bahadori  et  al.  [14,15]  and  Hegde  et  al.  [16,17],  These  results  portray  the ■spatial  flame 
structure  and  include  some  of  the  lower  order  statistical  moments  (such  as  ‘he  streamwn* 
variation  of  the  mean  values  along  the  jet  centerline).  Comparisons  with  these  date  would 
be  useful  in  determining  how  the  “trends”  can  be  captured  by  LES  Further  detailed  com 
parisons  in  portraying  the  compositional  structure  will  be  done  with  consideration  of  o 
data  as  currently  available.  The  comparison  with  DNS  data  will  be  of  only  a limited  set 
2D  simulations  to  concentrate  on  issues  for  which  experimental  data  are  not  sufficient.  DNS 
provides  a convenient  means  of  furnishing  such  “exact  results. 
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INTRODUCTION 

Pulsed  combustion  appears  to  have  the  potential  to  provide  for  rapid  fuel/air  mbdng,  compact 
and  economical  combustors,  and  reduced  exhaust  emissions.  The  ultimate  objective  of  this 
program  is  to  increase  the  fundamental  understanding  of  the  fuel/air  mixing  and  combustion 
behavior  of  pulsed,  turbulent  diffusion  flames  by  conducting  experiments  in  microgravity. 

In  this  research  the  fuel  jet  is  fully-modulated  (i.e„  completely  shut  off  between  pulses)  by  an 
externally  controlled  valve  system.  This  can  give  rise  to  drastic  modification  of  the  combustion 
and  flow  characteristics  of  flames,1'3  leading  to  enhanced  fuel/air  mixing  mechanisms  not  operative 
for  the  case  of  acoustically  excited  or  partially-modulated  jets.4  In  addition,  the  fully-modulated 
injection  approach  avoids  the  strong  acoustic  forcing  present  in  pulsed  combustion  devices, 
significantly  simplifying  the  mixing  and  combustion  processes. 

Relatively  little  is  known  of  the  behavior  of  turbulent  flames  in  reduced-gravity  conditions, 
even  in  the  absence  of  pulsing.  The  goal  of  this  Flight-Definition  experiment  (PUFF,  for  PUlsed- 
Fully  Flames)  is  to  establish  the  behavior  of  fully-modulated,  turbulent  diffusion  flames  under 
microgravity  conditions.  Fundamental  issues  to  be  addressed  in  this  experiment  include  the 
mechanisms  responsible  for  the  flame  length  decrease  for  fully-modulated,  turbulent  diffusion 
flames  compared  with  steady  flames,  the  impact  of  buoyancy  on  the  mixing  and  combustion 
characteristics  of  these  flames,  and  the  characteristics  of  turbulent  flame  puffs  under  fully 
momentum-dominated  conditions. 

EXPERIMENTAL  APPROACH 

As  part  of  this  program,  developmental  experiments  in  the  laboratory  and  in  ground-based 
reduced-gravity  facilities  will  be  conducted  using  a cylindrical  combustor.  The  basic  combustor 
configuration  will  consist  of  a single  fuel  jet  nozzle  1 -2  mm  in  diameter  located  on  the  combustor 
centerline.  The  gaseous  fuel  jet  flow  will  be  fully-modulated  by  a solenoid  valve  driven  by  an 
electronic  controller  to  provide  for  a range  of  injection  times  and  duty  cycles  (the  jet-on  fraction 
of  each  cycle).  The  pulsing  frequency,  / is  directly  related  to  the  duty  cycle,  a,  and  the  injection 
time,  t „ by/  = a/x,.  The  mean  fuel  velocity  during  injection  will  give  Reynolds  numbers  ranging 
from  3000  to  10,000.  A slow  air  co-flow  will  be  established  in  the  combustor  space  surrounding 
the  jet  nozzle  to  properly  ventilate  the  flame.  An  annular  pilot  flame  or  other  type  of  ignitor  will 
provide  a continuous  ignition  source  for  the  pulsed  fuel  jet. 

Four  types  of  diagnostic  techniques  will  be  employed  in  the  experiments  for  the  quantitative 
measurement  of  flame  length,  fueFair  mixing,  combustion  temperatures,  and  exhaust  emissions. 
First,  video  imaging  will  be  used  to  study  the  turbulent  structure  of  the  pulsed  flames  and  to 
determine  the  corresponding  flame  lengths.  Second,  fine-wire  thermocouple  probes  and 
thermopile  detectors  will  be  used  to  determine  temperatures  and  radiant  emissions.  Third,  planar 
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laser  imaging  of  particles  seeded  into  the  co-flow  or  fuel  jet  will  allow  the  determination  of  the 
amount  of  air  entrained  by  the  fully-modulated,  turbulent  flame  puffs.  Finally,  gas  sampling, 
combined  with  gas  chromatography,  will  be  employed  to  establish  emissions  levels  and  to 
determine  combustion  efficiency.  It  should  be  pointed  out  that  not  all  of  these  diagnostics  are 
appropriate  for  a given  ground-based  reduced-gravity  test  platform  (e.g.,  drop  tower,  aircraft). 

Experiments  conducted  in  the  laboratory  provide  a set  of  baseline  results  for  the  behavior  of 
fully-modulated  turbulent  diffusion  flames  at  normal  gravity.  Tests  at  reduced  gravity  will  be 
conducted  in  the  NASA  GRC  2.2-second  Drop  Tower.  These  tests  will  provide  some  indication 
of  the  behavior  of  fully-pulsed  flames  in  reduced  gravity,  and  will  also  serve  to  identify  candidate 
pulsed  flames  for  further  detailed  study  (times  well  in  excess  of  5 seconds  are  required  to 
completely  establish  a stationary,  fully-modulated  flame  condition.5)  The  jet  and  co-flow  will  be 
initiated  and  the  flame  ignited  before  or  immediately  after  the  drop. 

If  appropriate,  selected  test  cases  will  be  further  studied  in  the  NASA  KC-135  parabolic- 
trajectory  aircraft,  based  on  the  candidate  experiments  identified  in  the  2.2-second  Drop  Tower. 
The  longer  duration  (~20s)  of  reduced  gravity  available  on  the  aircraft  will  allow  briefly  the 
establishment  of  a stationary  pulsed  injection  configuration  for  imaging  and  limited  measurements. 
Specifically,  the  aircraft  experiments  would  include  in-situ  gas  sampling,  at  selected  intervals  in 
the  pulsing  cycle,  and  subsequent  analysis  by  gas  chromatography. 

NUMERICAL  MODELING  (U.  TOKYO/NDA) 

The  combustion  characteristics  of  fully-modulated  diffusion  flames  are  also  being  investigated 
by  unsteady,  3 -dimensional,  Navier-Stokes  numerical  calculations  using  a 2-equation,  <7-00 
turbulence  model.  The  model  will  provide  the  essential  physical  quantities,  such  as  temperature, 
air  entrainment,  and  flame  puff  celerity  for  comparison  with  the  experimental  results. 

RESULTS  TO  DATE  - COMBUSTION 

Preliminary  experiments  have  been  conducted  at  WPI  at  normal  gravity  in  the  laboratory.1'2 
An  in-line  solenoid  valve  was  used  to  fully-modulate  the  gaseous  fuel  flow  to  nozzles  ranging  in 
diameter  from  3.2  to  9.9  mm.  The  valve  cycle  was  varied  over  frequencies  from  0.5  to  10  Hz  and 
duty  cycles,  ranging  from  a = 0.08  to  0.93.  The  fuel  consisted  of  either  natural  city  gas  or 
ethylene.  The  maximum  steady-state  nozzle  exit  Reynolds  numbers  were  5500  for  natural  gas 
fuel  and  20,000  for  ethylene,  and  the  experipients  were  conducted  at  one  atmospheric  pressure 
with  unheated  fuels.  A small  pilot  flame  was  used  to  ensure  jet  ignition.  The  luminous  flame 
emission  was  recorded  using  a video  camcorder  to  determine  the  flame  shape  and  allow  the 
quantitative  measurement  of  the  flame  length. 

For  short  injection  times  and  short  duty  cycles,  widely-spaced  puff-like  structures  were 
observed,  as  shown  in  Fig.  la  for  natural  gas.  These  puff-like  structures  exhibited  a flame  length 
reduction  of  nearly  50%  compared  with  the  corresponding  steady-state  cases.  For  relatively 
longer  injection  times,  narrower,  longer,  “cigar-shaped”  flames  were  observed.  A representative 
image  of  a cigar-shaped,  flame  with  ethylene  fuel  is  presented  in  Fig.  lb.  The  flame  lengths  of 
these  cigar-shaped  flames  were  generally  comparable  to  those  of  the  corresponding  steady-state 
cases. 

Whether  a fully-modulated  jet  gives  a flame  structure  more  puff-like  or  cigar-shaped  can  be 
characterized  in  terms  of  a parameter  P = [(4Vf/nd2)/d]l/3.  This  parameter  relates  the  volume  of 
the  injected  fuel  (V„)  to  the  nozzle  exit  area  (~  d2).  For  the  case  of  widely-spaced,  compact  puffs 
the  maximum  flame  length  can  be  shown2  3 to  depend  linearly  on  P. 
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The  flame  length  normalized  by  nozzle  diameter,  L/d,  is  plotted  in  Fig.  2a, b versus  the 
parameter  P and  the  duty  cycle,  for  the  case  of  ethylene  and  natural  gas  fuel,  respectively.  An 
increase  in  normalized  flame  length  with  P for  the  lowest  value  of  duty  cycle  (a  » 0.1)  is  evident 
for  both  fuels.  This  corresponds  to  the  widely-spaced  puff  case  with  the  linear  scaling  of  the 
flame  length  with  P mentioned  above.  For  ethylene  (Fig.  2a),  deviation  from  linearity  is  apparent 
for  values  of  P > 12,  which  also  roughly  corresponds  to  the  end  of  the  transition  between  puff- 
like structures  and  cigar-shaped  flames.  The  relatively  lower  maximum  injection  volume  for  the 
natural  gas  case  was  evidently  not  sufficient  to  reach  this  transition. 

For  both  fuels  the  flame  length  tends  to  increase  with  the  duty  cycle  for  a given  value  of  P. 
This  is  most  evident  for  the  natural  gas  case  (Fig.  2b).  As  the  duty  cycle  increases,  the  discrete 
fuel  puffs  give  way  to  more  closely-packed,  interacting  puffs  which  exhibit  mixing  and 
combustion  characteristics  more  similar  to  those  of  steady-state  flames.  The  change  in  flame 
length  with  duty  cycle  is  relatively  less  for  cigar-shaped  flames  (P>  12  for  ethylene).  Much  of  the 
data  scatter  is  likely  due  to  variations  in  injection  pulse  shape  with  changes  in  frequency  and  duty 
cycle. 

RESULTS  TO  DATE  - JET  ENTRAINMENT 

Determination  of  the  amount  of  air  entrained  into  pulsed,  turbulent  fuel  jets  is  crucial  to  this 
research  effort.  The  utility  of  using  planar  laser  imaging  of  seed  particles  in  the  co-flow  is  being 
explored  for  this  purpose.  In  addition  to  providing  concentration  information  in  the  jet,  this 
method  allows  for  visualization  of  the  streaklines  and  flow  patterns  in  the  co-flow  stream. 

In  these  non-reacting  flow  tests,  a 1 .36  mm-diameter  jet  nozzle  is  situated  on  the  centerline  of 
a wind  tunnel  (15  x 15  cm  cross  section).  The  tunnel  air  flow  is  uniformly  seeded  with  oil  smoke 
upstream  of  the  test  section.  The  seeded  smoke  in  the  test  section  is  illuminated  by  a laser  light 
sheet  and  imaged  by  a progressive-scan  CCD  camera.  These  images  are  then  reduced  to 
determine  jet  concentration  based  on  the  changing  density  of  seed  particles  entrained  into  the  jet. 

An  image  of  a steady  jet  over  a downstream  extent  of  roughly  30  x/d  is  shown  in  Fig.  3. 
Streaklines  in  the  co-flow  can  be  clearly  seen  in  the  figure.  Radial  profiles  of  jet  concentration 
over  a range  of  downstream  distance  are  shown  in  Fig.  4.  The  concentration  information  was 
extracted  from  the  average  of  200  individual  images.  Research  is  continuing  to  improve  the 
method  to  allow  the  effective  imaging  of  fully-modulated  jets. 
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The  classical  model  for  droplet  combustion  predicts  that  the  square  of  the  droplet  diameter 
decreases  linearly  with  time.  It  also  predicts  that  a droplet  of  any  size  will  bum  to  completion 
over  a period  of  time.  However,  it  has  been  known  for  some  time  that  under  certain  conditions 
flames  surrounding  a droplet,  in  a quiescent  environment,  could  extinguish  because  of  insufficient 
residence  time  for  the  chemistry  to  proceed  to  completion.  This  type  of  extinction  that  occurs  for 
smaller  droplets  has  been  studied  extensively  in  the  past.  Large  droplets,  on  the  other  han  , 
exhibit  a different  type  of  extinction  where  excessive  radiative  heat  loss  from  the  flame  zone  leads 
to  extinction.  This  mode  of  “radiative  extinction”  was  theoretically  predicted  for  droplet  burning 
by  Chao  et  al.  (1990)  and  was  observed  in  recent  space  experiments  (Dietnch  et  al.,  1996; 
Nayagam  et  al.,  1998)  in  a quiescent  environment  (see  e.g.,  Fig.l). 

Thus  far,  the  fundamental  flammability  limit  prescribed  by  radiative  extinction  of  liquid 
droplets  has  been  measured  only  under  quiescent  environmental  conditions.  In  many  space 
platforms,  however,  ventilation  systems  produce  small  convective  flows  and  understanding  of  the 
influences  of  this  convection  on  the  extinction  process  will  help  better  define  the  radiative 
extinction  flammability  boundaries  (T’ien,  1990,  1997).  Boundaries  defined  by  experiments  and 
captured  using  theoretical  models  could  provide  enhanced  fire  safety  margin  in  space  exploration 
as  well  as  improve  our  fundamental  understanding.  Also,  systematic,  controlled  investigation  o 
convective  effects  will  help  in  interpretations  of  burning-rate  data  obtained  during  free-floated 
droplet  combustion  experiments  with  small  residual  velocities. 

PLANNED  RESEARCH  . . . . , , 

This  is  a new  project  that  is  just  getting  underway.  The  primary  objective  of  the  planned 

research  is  to  investigate  the  effects  of  slow  convection  on  radiative  extinction  of  liquid  fuel 
droplets.  Experimentally,  quantitative  data  on  flame  extinction  dynamics  for  typical  non-sooting, 
(eg  methanol)  and  sooting  (e.g.,  n-heptane)  fuel  droplets  will  be  obtained  for  a range  of 
convective  velocities  at  different  oxygen  concentrations  and  ambient  pressures.  Figure  2 shows 
typical  flame  views  of  n-decane  droplets  burning  in  air  at  normal  atmospheric  pressure  for  various 
Reynolds  numbers  in  microgravity.  These  images  were  obtained  from  a recent  fiber-supported 
droplet  combustion  experiment  (FSDC-2)  carried  out  in  the  Glovebox  facility  onboard  the  Space 
Shuttle  (Nayagam  and  Calvert,  1998).  In  the  works  planned  here  use  is  to  be  made  of  an 
experimental  apparatus  similar  to  that  of  the  Droplet  Combustion  Experiment  (DCE)  with  few 
minor  modifications,  thus  minimizing  the  development  costs.  The  DCE  apparatus  has  a fiber- 
support  capability,  but  flow  control  needs  to  be  added  to  provide  the  slow  convective  flow. 
Theoretically  we  propose  to  describe  the  radiative  extinction  using  asymptotic  techniques  and  to 
develop  generalized  flammability  maps  for  the  entire  range  of  droplet  combustion  regimes  possible 
in  a microgravity  environment.  Our  theoretical  approach  will  be  based  on  the  works  of  Tarifa  an 
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Crespo  (1972),  who  employed  perturbation  techniques  (ratio  of  gas  to  liquid  density  being  the 
small  perturbation  parameter)  to  investigate  the  effects  of  small  convection  during  droplet 
combustion  in  the  limit  of  infinitely  fast  chemistry,  and  the  analysis  of  Sohrab  et  al.  (1982),  where 
radiative  extinction  of  diffusion  flames  in  the  presence  of  gas-phase  radiation  is  described.  The 
theoretical  effort  thus  is  essentially  an  extension  of  previously  available  mathematical  tools 
extended  to  the  present  problem.  An  approach  of  this  nature  while  minimizing  the  development 
time  provides  techniques  to  correlate  the  experimental  data  in  a generalized  fashion.  Detailed 
numerical  model  development  is  not  currently  planned.  The  results  of  this  study,  however,  could 
be  compared  to  the  2-d,  axisymmetric  droplet  combustion  code  under  development  in  another 
project  funded  by  NASA  (Lee  et  al.  1996)  if  opportunity  arises. 
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Figure  1 . Diffusive  and  radiative  extinction  of  n-heptane  droplets  in  oxygen-helium  (30%-70%) 
environment  at  1-atm  pressure. 


Figure  2.  N-Decane  droplets  burning  in  air  at  1 -atm.  pressure  under  microgravity  for  Reynolds 
number,  Re=28  (top)  and  Re=73  (bottom). 


463 


/&  *7  -<fL 


COMBUSTION  OF  INDIVIDUAL  BUBBLES  AND 
SUBMERGED  GAS  JETS  IN  LIQUID  FUELS 

Daniel  E.  Rosner,  Yale  University,  Dept.  Chemical  Engineering  and  Center  for  Combustion  Studies, 
New  Haven,  CT  06520-8286  USA  (E-mail:  daniel.rosner@qm.yale.edu ) 


INTRODUCTION 

Motivated  by  industrial  "submerged  flame"  reactor  experience,  in  which  oxygen  gas  jets  were 
ignited  in  liquid  crude  oil  to  synthesize  acetylene  and  ethylene  (see  Fig.  1 , below)  we  propose  a sequence 
of  fundamental  microgravity  and  ground-based  experiments,  as  well  as  ancillary  theoretical  studies,  on  t e 
combustion  of  oxygen(-containing)  bubbles  in  liquid  fuels-especially  transparent  liquid  hydrocarbons. 
We  demonstrate  below  that  the  detailed  study  of  the  combustion  of  large  spherical  bubbles  is  best  carried 
out  in  a microgravity  environment  and  that  useful  single-bubble  data  can  probably  be  obtained  in  existing 

drop-tower  facilities.  . 

The  broad  objectives  of  this  new  research  program!  may  be  summarized  as  follows. 

. To  exploit  the  microgravity  environment  and  modem  analytical/numerical/experimental  techniques  to  carefully  study  a 
rata  unexpLd  mode  of  IkpU  fad  CbmbMwn-ie.,  the  transient  combustion  of  an  tsolated  sphencal  gaseous 

• Totsfinicrogravity-derived  insights,  ancillary  theoretical/numerical  studies  and  new  ground-based  laboratory  studies 
of  combustion  in  bubble  columns  and  submerged  jets  to  provide  a more  rational  basis  to  uttmately  design  impr 
"submerged  gas  jet  combustors"  for  use  in  ground-based  synthesis-oriented  chemical  industry,  especially  when 
liquid  "fuel"  (feedstock)  is  difficult  to  "atomize"  (because  of  its  viscosity  or  "chemical  aggressiveness  ) 

• To  open  up  a relatively  virgin  branch  of  bubble  dynamics  dealing  with  intra-bubble  chemical  reactions  This  can  be 
ScTx3i?o  more  complex  systems  such  ns  oxidizer  bubbles  in  mom  energelic  Inels  (such  as  hydrazm.  o,  molten 
aluminum),  or,  conversely,  fuel  vapor  pockets  in  non-cryogenic  and  cryogenic  liquid  oxidizers 

Ironically,  fundamental  studies  of  this  neglected  branch  of  combustion  should  as  byproducts,  shed 
valuable  new  light  on  many  apparently  different  modes  of  combustion  or  bubble-contacting  devices 
including,  perhaps,  the  combustion  of foams  containing  air. 

PREMISE 

An  interesting  and  potentially  useful  yet  neglected  mode  of  liquid  fuel  combustion  is  that 
associated  with  the  consumption  of  one/more  near-spherical  oxidizer  vapor  bubbles.  However,  because 
of  the  large  density  difference  between  the  liquid  fuel  and  the  vapor,  even  for  transparent  fuels  with  large 
surface  tensions,  such  studies  are  not  readily  done  in  a ground-based  laboratory  due  to  gravitationally- 
induced  bubble  distortion  or  bubble  breakaway  and  rise  through  the  liquid.  Moreover,  because  the  tota 
diffusion-controlled  combustion  time  will  scale  with  the  square  of  the  initial  bubble  diameter,  while  the 
ignition  time  will  scale  linearly  with  db,0,  there  is  an  incentive  to  study  rather  large  bubbles  to  minimize 
the  inevitable  effects  of  asymmetric  ignition  transients.  These  facts,  combined  with  an  interest  in 
hydrocarbon  fuels  with  low  surface  tension,  make  the  microgravity  environment  very  attractive  for  such 
fundamental  combustion  studies.  Of  course,  bubble  reactors  are  common  in  ground-based  chemical 
industry  (eg.,  partial  oxidations  of  liquid  hydrocarbons  (say,  p-xylene)  to  produce  polymer  pre-cursors 
(say,  terephthalic  acid).m  solution ; see,  eg.,  Godbole  and  Shah  (1986)),  and  instructive  experiments  on 
bubble  combustion  (eg.,  a single  column  of  ignited  oxidizer  bubbles  rising  in  a liquid  fuel-filled  channel) 
are  planned  as  part  of  this  program  However,  the  pncipal  focus  of  this  program  will  be  the  design  of 
ancillary  microgravity  single  bubble  combustion  experiments,  initially  for  the  drop-tower  environment. 
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Fig.  1 Principal  features  of  the  BASF  "submerged  flame"  acetylene  synthesis  reactor  (adapted  from  Friz  (1968)) 


REVIEW  OF  RELEVANT  RESEARCH 

Acetylene  Synthesis  via  a "Submerged  Flame"  in  Crude  Oil 

• U I ™ th.?  vantage  point  of  this  Pr°gram’  a very  interesting  and  potentially  instructive  precedent  f 
is  the  BASF  partial  combustion"  method  for  making  acetylene  at  ca.  10%  yield  using  pressurized 
oxygen  gas  bubbling  through  hot  liquid  petroleum  ("crude"  oil).  Figure  1 shows  the  principal  features  of 
t is  so-called  submerged  flame"  reactor.  We  note  that,  in  contrast  to  ordinary  liquid  fuel  'spray' 
combustors,  in  this  relatively  unfamiliar  class  of  chemical  synthesis  reactors  the  (difficult  to  "atomize") 
liquid  fuel/feedstock  is  the  continuous  (not  dispersed)  phase!  In  this  case  the  fuel  bath  not  only  supplies 
t e fuel  for  combustion  energy  release  in  the  vapor  phase,  it  also  supplies  the  pyrolysis  precursor  (to 
produce  acetylene  and  ethylene)  and  the  quenching  mediumf.  A significant  fraction  of  the  inevitable 
byproduct  soot  is  also  captured  by  this  oil  bath,  which  then  becomes  suitable  as  a slurry  fuel  for 
supplementary  (on-site)  power  generation  or  process  heat.  Evidently,  a pilot  scale  unit  producing  ca  40 
ton^day  of  acetylene  was  operational  in  Milan,  Italy  in  1974  (Bauer  and  Taglieber(1975);  see,  also-  Friz 
(1968))  and  it  would  be  fascinating  to  gain  access  to  the  (primitive?)  design  procedures  (perhaps  in  part 
via  the  patent  literature)  used  to  guide  the  selection  of  equipment  dimensions  and  operating  conditions. 
Even  today,  virtually  no  fundamental  information  necessaiy  to  rationally  design  such  submerged  gas  jet 
combustors  can  be  found  in  the  open*  literature.  Needless  to  say,  very  much  less  was  known/published 


l«'"uiw'J  the  better-kn°Wn  (and  SOmewhat  "V”  Pre-vaporization,  rich  premixed-then^uenched  combustion  route  to  acetylene  synthesis  (see, 
OhXaSUbmer8Cd  0X>gen  jCtS  Mled  ‘UyUreS  M "lanCeSh)  ^ Widdy  used  in  meta* liirgical  processing,  including  modem  steelmaking  (see,  eg, 
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Fully  fuel  combustion  problem  of  greatest  fundamental  interest  here 

shares  Iny  feTSn  common**  with  the  now-classical  and  much  more  familiar  "mverse"1 » . of 
transient  liquid  fuel  droplet  combustion  near  its  critical  pressure  (see,  eg.,  Rosner  and  Chang(  ))• 
indeed  our  recommended  "heirarchical"  theoretical  attack  on  the  bubble  combustion  problem  would 
exploit  approximations/methods  now  familiar  from  earlier  fuel  droplet  : ^d*e£":sta^mg  • 

approximations  of  unit  Lewis  number  and  high  Damkohler  number  (intra-bubble  diffusion  flame  sheet)  in 
the  first  year  and  culminating  with  more  kinetically  realistic  numerical  models  to  incorporate  the  essential 
features  of  acetylene  formation  and  soot  formation  on  the  fuel-rich  side  of  the  laminar  diffusion  flame. 


PLANS 

Gr°Uni^aden^ySratio^i^a^^responsible  for  the  need  for  a microgravity  environment  to  study  this 
type  of  liquid  fuel  combustion  is  also  responsible  for  the  happy  fact  that  the  time  to  consume  an  oxyge« 
bubble  will  be  much  smaller  than  the  time  required  to  consume  fuel  droplets  of  comparable  initial  aze* 
TOs  means  that,  while  ordinary  drop  lowers  provide  inadequate  tune  to  study 
single  fuel  droplet  combustion,  they  are  expected  to  provide  adequate  time  for  bubble  combu 
experiments  for  many,  if  not  all,  interesting  fuels/conditions.  Also. 

extinguish  reaction  (and  associated  chemiluminescence)  within  the  bubble 

-■  * combined  w„h  n,m=  luminosity  -J-M- d 

• S&SSSSSH 

fluid  to  capture  an  aerosol  (, eg , suspended  soot)  initially  uniformly  distributed  within  a rising  gas  bubble. 

Gr°Un  Omapp  roXto  theo^velopment  will  be  "heirarchical",  and,  at  each  stage  of  the  proposed 

program  3Scal  predictions  will  guide  the  experimental  designs  and  goals.  Conversely,  new 

experimental  results  will  guide  the  evolution  of  the  theory,  probably  in  presently  unforseen way  . 
experune^rnsumwm  g approx.ma.ions/methods  now  familiar  from  earlier  fuel  drop  e, 

studies-  --startmg  with  the  approximations  of  uni.  Lewis  number  and  high  Damkohler  number  (mtra- 
bubble  diffusion  flame  sheet)  (cf  Rosner  and  Chang(1973)).  Of  principal  immed, ate  .merest  wtll  be 
evolution  of  bubble  radius  and  intra-bubble  diffusion  flame  radius,  and  the  total 

significant  dUremn  Is  that  «hile  the  cites*.  furl  dugM  emUfe  Hum  eertm*.  intku.  cm  »to  be  sin,Plir,ed  v,«  a ,»«l-suad»  (QS-) 

^ **»-**«- » “ ->*  * h"!tptrfo™n“ 

of  the  original  bubb'e*- In  subseq“ent  yearl the  mhf 

restrictive  assumptions  will  be  successively  "relaxed",  especially  those  dealing  with  vanable 
thermophysical  properties,  heat  loss  to  the  fuel  bath,  dissolution  of  combustion  productfs)  m the  fuel 
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bath,  multi-component  fuels,  and  non-unity  Lewis  number  effects.  By  the  third  year  more 
computationally  intensive  analyses  ("numerical  experiments")  will  be  cLied  out  to  deal  wkh 
mogeneous  chemical  kinetic  effects,  especially  those  relevant  to  bubble  "extinction"  and  acetvlene+ 
ethylene  formation.  By  the  forth  year,  we  propose  incoiporating  a kinetically  r^TsMmoteoXe 

«pSrS  W°Uld  1X5  CO”Pared  ‘°  °bSerVed  a“,ylCne  and  soot  including^" 
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INTRODUCTION 

The  focus  of  this  project  is  on  understanding  and  quantifying  the  effects  of  external  acousti- 
cal perturbations  on  combustion  of  condensed  fuels  under  microgravity  conditions.  The  issue  of 
acoustic  excitation  of  flames  in  microgravity  is  especially  pertinent  to  understanding  the  behavior 
of  accidental  fires  which  could  occur  in  spacecraft  crew  quarters  and  which  could  be  affected  by 
pressure  perturbations  as  result  from  ventilation  fans  or  engine  vibrations.  While  in  normal  grav- 
ity, studies  have  long  shown  that  there  can  be  a significant  increase  in  fundamental  reaction  and 
transport  processes  with  the  imposition  of  an  external  acoustical  field^  \ under  reduced  gravity, 
the  elimination  of  natural  convection  means  the  effect  of  acoustic  excitation  could  be  far  more 
pronounced  on  flame  behavior. 

Experiments  as  well  as  numerical  computations  will  be  performed  in  this  study.  The  geom- 
etry of  the  combusting  fuel  droplet  has  been  selected.  While  it  is  widely  recognized  that  single 
droplet  combustion  is  a problem  well  suited  for  fundamental  microgravity  studies^  \ the  spherical 
geometry  here  is  selected  purely  for  experimental  and  numerical  convenience.  We  plan  to  examine 
combustion  of  very  large  droplets,  such  that  curvature  effects  are  relatively  unimportant.  Hence  we 
expect  the  results  of  this  study  to  apply  as  well  to  condensed  fuel  combustion  in  other  geometries. 

BACKGROUND 

In  a gravitational  field,  studies  have  long  shown  that  there  can  be  a significant  increase  in 
fundamental  heat  and  mass  transfer  rates  from  reactive  surfaces  with  the  imposition  of  an  external 
acoustical  field.  Yet  as  seen  by  Saito,  et  al.m,  evaporative  or  combustion  rate  constants  for  a fuel 
droplet  can  increase  substantially  when  the  droplet  is  situated  at  a pressure  antinode,  but  when  the 
droplet  is  located  at  a pressure  node,  there  may  be  little  appreciable  change  in  the  evaporation  or 
combustion  rates.  Theoretical  models  of  evaporating  droplets  and  burning  char  particles131  similarly 
indicate  the  potential  for  transport  enhancement  under  specific  conditions  of  acoustic  excitation. 

While  extensive  experiments  have  been  conducted  pertaining  to  microgravity  droplet  combus- 
tion and  associated  phenomena121,  to  our  knowledge  the  behavior  of  burning  droplets  exposed  to 
acoustic  forcing  in  microgravity  has  not  been  studied.  In  fact,  it  was  only  recently  that  the  acous- 
tically excited,  non-reacting  droplet  problem  in  microgravity  was  studied  experimentally  during 
a Shuttle  flight141,  focusing  on  dynamic  surface  tension.  Excellent  correspondence  was  found  be- 
tween observed  (transient)  droplet  shapes  and  numerical  predictions151  using  the  boundary  integral 
method. 

PLANNED  MICROGRAVITY  EXPERIMENTS 

As  noted,  the  experimental  component  of  the  proposed  study  will  examine  the  burning  char- 
acteristics of  droplets  which  are  exposed  to  acoustical  excitation  within  a low-  or  microgravity 
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environment.  Most  of  the  tests  are  to  be  conducted  in  a low-g  aircraft  flying  in  a parabolic  tra- 
jectory. Although  the  aircraft  microgravity  conditions  are  far  from  perfect  (e.g.,  due  to  “g-jitter” 
effects),  they  will  clearly  introduce  only  negligible  errors  when  there  are  high  enough  levels  of 
acoustic  forcing.  However,  a limited  number  of  preliminary  experiments  will  be  conducted  in  the 
NASA  Lewis  drop  towers  to  validate  the  method  used  for  fixing  droplet  diameter  and  to  determine 
the  range  of  acoustic  forcing  levels  where  valid  aircraft  data  may  be  expected. 

The  droplet  and  flame  are  to  be  centered  on  the  axis  of  a cylindrical  acoustic  waveguide  in  the 
experiment.  Acoustic  waves  are  to  be  excited  by  a speaker,  with  the  waveguide  tuned  to  produce 
standing  waves  by  adjusting  the  position  of  the  speaker  and/or  termination.  We  plan  to  use  a 90  cm 
waveguide,  corresponding  to  a half  wave  at  200  Hz  in  air  at  300K.  The  droplet  could  be  located 
at  the  midpoint,  or  at  the  velocity  antinode  (pressure  node)  for  200  Hz  excitation,  but  could  be 
situated  away  from  the  pressure  node  at  higher  frequencies,  mimicking  the  more  typical  practical 
situation  in  which  acoustic  forcing  results  in  perturbation  of  both  pressure  and  velocity.  Since  the 
diameter  of  the  waveguide  is  much  larger  than  that  of  the  droplet,  the  latter  essentially  sees  plane 
waves. 

We  intend  to  work  with  fuel  droplets  of  diameters  near  2 mm.  Because  the  selection  of  the 
spherical  fuel  droplet  geometry  is  done  purely  for  experimental  and  numerical  convenience  in 
examining  the  effects  of  acoustic  perturbation  on  diffusion  flames,  such  large  droplets  are  an 
appropriate  choice  for  the  present  study.  Similar  reasoning  was  used  in  prior  microgravity  droplet 
experiments141  in  which  25  mm,  non-reactive  droplets  in  an  acoustic  field  were  examined. 

In  the  proposed  studies  the  droplet  is  to  be  attached  at  the  end  of  a quartz  capillary  through 
which  fuel  is  fed.  We  propose  to  test  several  fuels  of  differing  volatility  and  sooting  properties  (n- 
heptane,  methanol,  and  diethylether),  some  of  which  have  been  extensively  studied  under  reduced 
gravity  conditions  without  forcing16,71.  We  recognize  that  the  presence  of  the  capillary  will  alter 
the  burning  rate  from  that  in  the  absence  of  the  capilliary,  yet  the  capillary  itself  should  not  play 
any  significant  role  in  the  comparison  of  acoustically  excited  vs.  non-excited  external  conditions 
for  the  droplet. 

The  fuel  flow  rate  here  is  to  be  adjusted  so  as  to  maintain  the  burning  droplet  at  a constant 
diameter.  In  order  to  accomplish  this,  we  plan  to  use  an  inexpensive  semiconductor  diode  laser 
to  backlight  the  droplet.  The  droplet  shadow  would  then  be  magnified  and  imaged  onto  a diode 
array,  first  passing  through  a laser  line  filter  to  block  most  of  the  emission  from  the  flame.  The 
output  from  the  diode  array  would  be  preprocessed  and  sent  to  a microprocessor  based  controller, 
where  the  size  of  the  droplet  shadow  may  be  compared  with  a setpoint  so  that  the  fuel  flow  rate 
may  be  adjusted  accordingly.  This  dynamic  control  of  the  fuel  droplet  diameter  will  be  tested 
experimentally  in  one  of  the  NASA  Lewis  drop  towers. 

The  full  experiment  of  the  acoustically  excited,  burning  droplet  will  be  conducted  in  both  the 
Lewis  5s  drop  tower  (for  concept  testing)  and  in  NASA  low-g  aircraft.  Locations  of  the  flame 
front  and  the  soot  shell1  1 are  to  be  monitored  by  two  intensified  CCD  cameras.  Radiation  from 
the  flame  will  impinge  on  a 300  nm  short  pass  interference  filter  oriented  at  45  degrees  to  the  axis 
of  the  waveguide.  The  filter  will  also  serve  as  a type  of  beamsplitter,  reflecting  radiation  with 
X > 300  nm  into  one  camera  and  transmitting  radiation  with  A < 300  nm  to  a second  camera. 
Camera  one  captures  radiation  in  the  visible  and  IR,  which  could  be  dominated  by  blackbody 
emission  from  the  soot  shell  where  one  is  present.  Radiation  below  300  nm  would  be  dominated 
by  chemiluminescence  from  electronically  excited  hydroxyl  radicals. 
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Pressure  disturbances  resulting  from  acoustic  excitation  can  produce  distortions  in  droplet 
shape  from  the  spherical  geometry,  as  seen  in  non-reactive  experiments14,51.  We  plan  to  limit  the 
acoustical  forcing  intensity  in  the  proposed  experiments  to  a small  enough  magnitude  (<  1IG0  dB) 
so  that  the  droplet  shape  is  not  strongly  distorted.  The  primary  reason  for  this  imposed  limitation 
is  that  the  diode  array  will  allow  us  to  monitor  images  in  only  one  dimension.  Alterations  in  the 
shape  of  the  soot  shell  and  flame  (via  chemiluminescence  of  OH)  will  be  detected,  however. 

PLANNED  COMPUTATIONAL  STUDIES 

There  have  been  extensive  modeling  efforts  directed  toward  representation  of  the  single  burning 
droplet  in  microgravity  in  the  absence  of  acousic  perturbation,  with  differing  degrees  of  complex- 
ity in  the  reaction  kinetics  used12'6’71,  in  representation  of  soot  generation  and  behavior19101,  and 
in  the  representation  of  radiative  effects.  While  models  for  the  burning  droplet  exposed  to  acous- 
tic disturbance  have  not  been  developed,  to  our  knowledge,  models  for  the  acoustically  excited, 
spherical,  burning  char  particle  with  simplified  kinetics1"1  and  for  a deformed  non-reactive  drop  in 
an  acoustic  field  under  normal  microgravity  conditions151  have  relevance  to  the  present  study.  The 
highly  successful  calculations  of  Shi  and  Apfel151  for  a deformed  drop  in  an  acoustic  field  indicate 
that,  for  certain  forcing  frequencies  and  large  sound  pressure  levels,  the  droplet  aspect  ratio  can 
deviate  significantly  from  unity.  Shi  and  Apfel  used  the  boundary  integral  technique  to  resolve  the 
droplet  shape,  and  obtained  excellent  correspondence  with  experimental  results  in  microgravity141. 

For  the  acoustically  disturbed,  burning  droplet  in  microgravity,  periodic  deformations  (local 
stretching)  of  the  diffusion  flame  surrounding  the  droplet  are  likely  to  occur  for  even  low  levels 
of  acoustic  forcing,  while  deformations  in  the  droplet  shape  will  depend  on  the  level  of  acoustic 
excitation.  Hence  while  the  experimental  component  of  the  present  study  will  limit  sound  pressure 
levels  to  magnitudes  for  which  the  droplet  will  remain  roughly  spherical  (<  100  dB),  the  compu- 
tational studies  will  consider  acoustic  disturbances  which  may  be  so  large  as  to  deform  the  droplet 
shape,  as  done  in  non-reactive  studies14,51. 

Accurate  representation  of  the  acoustically  perturbed,  burning  droplet  will  require  accurate  res- 
olution of  characteristic  phenomena  thought  or  known  to  be  important,  including  complex  reaction 
kinetics,  presences  of  the  soot  shell  and  associated  radiative  effects,  and  deformation  of  the  flame 
and  possibly  the  droplet  itself.  We  expect  to  perform  the  modeling  effort  here  with  a multi-pronged 
approach,  with  increasing  degrees  of  complexity  incorporated  into  the  computations. 

First,  we  are  in  the  process  of  developing  a one-dimensional  (spherically  symmetric)  model 
for  the  problem  with  an  imposed  oscillatory  pressure  and  velocity  field,  assuming  the  droplet  to 
remain  spherical  but  with  the  possibility  of  the  flame  responding  to  the  pressure  field  through 
oscillations  in  the  radial  direction.  Alternative  reaction  mechanisms  will  be  incorporated  for  the 
several  types  of  fuel  droplets  to  be  examined  in  the  experimental  studies.  Professor  Dryer’s  group 
at  Princeton  has  kindly  provided  CHEMKIN  input  data  for  kinetic  mechanisms  associated  with 
methanol  and  n-heptane  reactions16,71,  to  be  incorporated  in  the  present  modeling.  The  effect  of  the 
relative  position  of  the  droplet  with  respect  to  the  spatial  distribution  of  the  pressure  magnitude  will 
be  explored.  Different  levels  of  numerical  resolution  of  the  flame  front,  ranging  from  first  order 
upwinding  to  third  order  essentially-non-oscillatory  (ENO)  spatial  integration,  will  be  performed. 
Added  degrees  of  complexity  in  the  reaction  process,  including  models  for  soot  formation,  as  in 
prior  studies19, 10],  will  also  be  explored. 

The  second  level  of  modeling  will  continue  to  incorporate  a spherical  droplet  but  with  the  pos- 
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sibility  of  a two-dimensional,  longitudinally  symmetric  (deformed)  burning  fuel  droplet  exposed 
to  the  longitudinal  acoustic  forcing.  Here  it  is  expected  that  a higher  order  scheme  for  resolution 
of  the  flame  front  (with  a relatively  coarse  grid)  will  be  used,  as  is  possible  with  ENO  methods.  As 
described  above,  different  levels  of  complexity  in  the  reaction  kinetics  and  in  the  soot  model  will 
be  examined,  and  results  will  be  compared  directly  with  experimental  observations. 

The  final  level  of  modeling  will  examine  the  possibility  of  deformation  of  the  droplet  as  well  as 
the  diffusion  flame  resulting  from  the  acoustic  perturbations.  As  done  in  the  non-reactive  droplet 
model  of  Shi  and  Apfel[5],  the  acoustical  radiation  pressure  field  acting  on  the  droplet  will  include 
components  which  apply  “suction”  in  one  direction  and  “squeezing”  in  the  opposite  direction.  The 
resulting  exterior  pressure  field  may  then  be  characterized  in  terms  of  an  incident  wave  and  a wave 
scattered  by  the  droplet  surface.  The  droplet  surface  deformation  will  be  solved  using  either  the 
boundary  integral  technique  or  level  set  methods.  Depending  on  the  results  of  the  first  two  levels 
of  modeling,  increased  degrees  of  complexity  in  the  reaction  kinetics  and  soot  representation  will 
be  included. 
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EFFECTS  OF  STRUCTURE  AND  HYDRODYNAMICS 
ON  THE  SOOTING  BEHAVIOR  OF 
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INTRODUCTION 

Recent  experimental,  numerical  and  analytical  work  has  shown  that  the  stoichiometric  mix  ur 
fraction  (Zst)  can  have  a profound  effect  on  soot  formation  in  diffusion  flames  (Du  an 
Axelbaum,  1995,  1996;  Lin  and  Faeth,  1996a,  1996b,  1998;  Chao  et  al. , 1999).  These  finchHgs 
were  obtained  at  constant  flame  temperature  (rad),  employing  the  approach  described  in  Du  an 
Axelbaum  (1995,  1996).  For  example,  a fuel  mixture  containing  1 mole  of  ethylene  and  11.28 
moles  of  nitrogen  burning  in  pure  oxygen  (Zsl=  0.78)  has  the  same  adiabatic  flame  temperature 
(2370  K)  as  that  of  pure  ethylene  burning  in  air  (Zst  = 0.064).  An  important  finding  of  these 
works  was  that  at  sufficiently  high  Zst,  flames  remain  blue  as  strain  rate  approaches  zero  in 
counterflow  flames,  or  as  flame  height  and  residence  time  approach  infinity  in  coflowing  flames. 
Lin  and  Faeth  (1996a)  coined  the  term  permanently  blue  to  describe  such  flames. 

Two  theories  have  been  proposed  to  explain  the  appearance  of  permanently-blue  flames  at 
high  Zst.  They  are  based  on  (1)  hydrodynamics  (Sugiyama,  1994,  Lin  and  Faeth,  1996a,  1996b) 
and  (2)  flame  structure  (Du  and  Axelbaum,  1995;  Chao  et  al.,  1999).  Previous  experimental 
studies  in  normal  gravity  are  not  definitive  as  to  which,  if  either,  mechanism  is  dominant  because 
both  hydrodynamics  and  structure  suppress  soot  formation  at  high  Zst  in  coflowing  and 
counterflowing  diffusion  flames.  Figure  1 illustrates  the  hydrodynamic  effect.  In  counterflow 
flames  with  Zst  < 0.5  (Figure  la)  streamlines  at  the  flame  sheet  are  directed  toward  the  fuel. 
Newly  formed  soot  is  convected  into  richer  regions,  favoring  soot  growth  over  oxidation.  For  Zst 

> 0.5  (Figure  lb)  convection  at  the  flame  is  toward  the  oxidizer,  thus  enhancing  soot  oxidization. 
Thus,  in  counterflow  flames,  hydrodynamics  causes  soot  to  be  convected  towards  the  oxidizer  at 

high  Zst,  which  suppresses  soot  formation.  . 

Axelbaum  and  co-workers  maintain  that  while  the  direction  of  convection  can  impact  soot 
growth  and  oxidation,  these  processes  alone  cannot  cause  permanently-blue  flames.  Soot  growt 
and  oxidation  are  dependent  on  the  existence  of  soot  particles  and  the  presence  of  soot  is 
invariably  accompanied  by  yellow  luminosity  (Du  et  al.,  1988).  Soot-particle  inception,  on  the 
other  hand,  arises  from  gas-phase  reactions  and  its  dependence  on  flow  direction  is  weak,  similar 
to  that  of  other  gas-phase  reactions  in  flames.  For  example,  when  the  flame  moves  across  the 
stagnation  plane  no  significant  changes  in  flame  chemistry  are  observed.  Furthermore,  since  the 
soot-inception  zone  has  a finite  thickness,  soot  has  been  produced  in  counterflow  flames  with  Zst 

> 0.5  (Du  and  Axelbaum,  1995).  As  shown  in  Figure  2 and  described  in  greater  detail  in  Du  an 
Axelbaum  (1995),  for  large  Zst  the  fuel  concentration  decreases  and  oxygen  concentration 
increases  in  the  soot  forming  regions  of  the  flame.  This  yields  a shift  in  the  OH  profile  toward  the 
fuel  side  of  the  flame,  and  this  shift  can  dramatically  influence  soot  inception  because  it 
essentially  narrows  the  soot  inception  zone.  Soot-free  (permanently-blue)  conditions  can  be 
realized  when  the  structure  of  the  flame  is  adjusted  to  the  extent  that  significant  oxidizing  species 
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exist  on  the  fuel  side  of  the  flame  at  temperatures  above  the  critical  temperature  for  soot 
inception,  ca.  1250  K. 

In  previously  considered  flames  it  was  impossible  to  independently  vary  flame  structure  and 
convection  direction.  In  contrast,  spherical  diffusion  flames  (which  generally  require 
microgravity)  allow  both  properties  to  be  varied  independently.  We  altered  structure  (Zst)  by 
exchanging  inert  between  the  oxidizer  and  the  fuel  and  we  independently  varied  convection 
direction  at  the  flame  sheet  by  interchanging  the  injected  and  ambient  gases. 

In  this  work  we  established  four  flames:  (a)  ethylene  issuing  into  air,  (b)  diluted  ethylene 
issuing  into  oxygen,  (c)  air  issuing  into  ethylene,  and  (d)  oxygen  issuing  into  diluted  ethylene  Zst 
is  0.064  in  flames  (a)  and  (c)  and  0.78  in  flames  (b)  and  (d).  The  convection  direction  is  from 
fuel  to  oxidizer  in  flames  (a)  and  (b)  and  from  oxidizer  to  fuel  in  flames  (c)  and  (d).  Under  the 
assumption  of  equal  diffusivities  of  all  species  and  heat,  the  stoichiometric  contours  of  these 
flames  have  identical  temperatures  and  nitrogen  concentrations. 

EXPERIMENTAL 

The  experiments  were  conducted  in  the  NASA  Glenn  2.2-second  drop  tower  using  a general- 
purpose  combustion  rig.  The  porous  burner  is  a 6.4  mm  diameter  sphere  with  a 1 .6  mm  hole  to 
its  center  and  was  sintered  from  10  micron  stainless  steel  particles.  The  sphere  was  supported  and 
fed  by  a 1 .6  mm  stainless  steel  tube.  All  tests  were  conducted  in  quiescent  ambient  gas  at  98  kPa. 
The  present  tests  involved  the  following  gases:  ethylene,  oxygen,  synthetic  air  (21±0.02%  oxygen 
by  volume  in  nitrogen)  and  diluted  ethylene  (8.14±0.02%  ethylene  by  volume  in  nitrogen). 
Purities  of  the  individual  gases  were  99.999%  (nitrogen  and  oxygen)  and  99.9%  (ethylene.) 
Nitrogen  mixtures  were  prepared  gravimetrically.  Uncertainties  in  the  flowrates  (at  the  95% 
confidence  level)  are  estimated  at  5%.  Ignition  was  accomplished  in  microgravity.  The  flames 
were  imaged  through  the  chamber  window  (BK7)  using  a color  CCD  camera  (Panasonic  WV- 
CL352).  Soot  formation  in  diffusion  flames  commences  at  1250  K (Sunderland  et  al  1995)  at 
which  temperature  it  emits  visible  light.  Thus,  diffusion  flames  that  create  soot  necessarily  emit 
yellow  luminosity,  and  experiments  have  shown  that  the  onset  of  yellow  emissions  is  an  effective 
means  of  determining  soot  inception  limits  in  hydrocarbon  diffusion  flames  (Du  et  al.,  1988). 
Testing  in  normal  gravity  has  confirmed  our  video  system  to  be  sensitive  to  the  presence  of  even 
trace  quantities  of  soot  in  flames. 

RESULTS  AND  DISCUSSION 

Figure  3 shows  color  images  of  four  flames  that  represent  the  four  configurations  considered 
Each  flame  has  an  ethylene  consumption  rate  of  1.51  mg/s.  At  least  ten  flames  of  each 
configuration  were  observed  in  order  to  confirm  repeatability.  The  flames  grow  in  size  during  the 
2.2-s  tests  but  appear  to  approach  steady  shapes  prior  to  test  completion.  The  approximate  final 
diameters  of  the  flames  are  marked  in  the  figures;  these  were  determined  from  contours  of  peak 
blue  emissions  (where  visible).  The  flames  shown  in  Figure  3 depict  typical  end-of-drop 
conditions.  Flames  in  Figures  3b-d  had  little  color  variation  throughout  the  2.2-second  tests  while 
those  in  Figure  3a  displayed  a slowly  decreasing  yellow  luminosity. 

Figure  3a  shows  a flame  of  ethylene  injecting  into  ambient  air.  This  flame  has  a yellow 
interior  surrounded  by  a well-defined  blue  corona.  Figure  3b  shows  a flame  of  diluted  ethylene 
issuing  into  ambient  oxygen,  which  is  pure  blue  and  very  bright.  Figure  3c  shows  a flame  of  air 
issuing  into  ethylene,  which  is  entirely  yellow  and  the  brightest  observed.  Finally,  Figure  3d 
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shows  a flame  of  oxygen  issuing  into  diluted  ethylene,  which  has  a dim  blue  interior  surrounded 

bv  s bright  blue  corona  and  which  produces  no  soot. 

The  color  images  indicate  that  the  sootiest  flame  involves  air  injecting  into  ethylene  (Figure 
3c)  This  is  expected  since  both  flame  structure  (small  Zst)  and  direction  of  convection  (toward 
the  fuel)  promote  soot  formation.  The  soot  formed  in  the  fuel-rich  region  of  this  flame  is 
convected  into  even  richer  regions,  thus  favoring  soot  growth  and  precluding  soot  oxidation. 
When  we  maintain  the  same  Zst  as  that  of  Figure  3c  but  reverse  the  convection  direction  we 
obtain  the  flame  of  Figure  3a.  The  presence  of  soot  in  this  flame  indicates  that  when  convection 
is  toward  the  oxidizer,  soot  inception  is  not  eliminated.  Soot  growth  is  suppressed  and  oxidation 
is  enhanced  but  some  regions  of  the  flame  are  clearly  yellow.  On  the  other  hand,  a comparison  of 
Figure  3c  with  Figure  3d  reveals  that  for  the  same  convection  direction,  increasing  Zst  eliminates 
all  soot  even  though  convection  would  transport  soot  particles  into  the  fuel  rich  region  of  the 
flame.  Thus  flame  structure  has  a profound  impact  on  soot  formation.  Finally,  the  flame 
involving  diluted  ethylene  injecting  into  oxygen  (Figure  2b)  is  soot  free.  In  this  case  bo 
structure  (Z=.  = 0 78)  and  convection  direction  (toward  oxidizer)  impede  soot  formation. 

In  summary,  microgravity  flames  are  uniquely  capable  of  allowing  independent  variation  of 
flame  structure  (i.e.,  stoichiometric  mixture  fraction,  Zst,  through  inert  orientation)  and  direction 
of  convection  across  the  flame  sheet  while  maintaining  constant  flame  temperature.  For  these 
flames,  structure  was  found  to  have  a profound  effect  on  soot  production.  Soot-free  conditions 
were  observed  at  high  Zst  (Zst  = 0.78)  and  sooting  conditions  were  observed  at  low  4,  (Zs, 
0.064)  regardless  of  convection  direction.  Convection  direction  has  a smaller  impact  on  soot, 
with  soot  formation  suppressed  when  convection  at  the  flame  sheet  is  directed  toward  e 

oxidizer. 
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(a)  (b) 

FIGURE  1 Schematic  representation  of 
counterflow  flames  with  (a)  Zs,  <0.5  such 
that  the  flame  is  on  the  oxidizer  side  of  the 
stagnation  plane  and  the  flow  is  from  the 
soot  inception  region  toward  the  fuel  source 
and  (b)  Zst>  0.5  such  that  the  flame  is  on  the 
fuel  side  of  the  stagnation  plane  and  the  flow 
is  from  the  soot  inception  region  toward  the 
oxidizer  source. 


(a) 


(b) 


FIGURE  2 Plot  of  temperature  (T)  and 
major  gas  mass  fractions  (Y)  versus  mixture 
fraction  (Z)  for  diffusion  flames  with  (a)  Zst 
= 0.064  and  (b)  Zst=  0.78.  Reproduced  from 
Du  and  Axelbaum  (1995). 


Normal 

Structure 


Inverted 

Structure 


n <SVRn  l S^  -nagcs  ef  representative  flames:  (a)  ethylene  (1.51  mg/s)  issuing  into  air,  Zst  = 
0.064,  fl.4;  (b)  diluted  ethylene  (19  mg/s)  issuing  into  oxygen,  Zst=  0.78,  fl.4;  (c)  air  (22  mg/s) 

n 78m|;intrL  ethylfne'  Zs>  - (d)  oxygen  (5.2  mg/s)  issuing  into  diluted  ethylene,  Zst  = 

0.78,  16.  The  scale  is  revea  ed  by  the  6.4  mm  spherical  burner  and  by  the  noted  approximate 
flame  diameters,  d.  The  ethylene  consumption  rate  is  1 .5 1 mg/s  in  all  four  cases 
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INTRODUCTION 

The  objective  of  this  project  is  to  study  carbon  monoxide  (CO)  and  soot  formation  in  laminar, 
inverse  diffusion  flames  (IDFs).  The  IDF  is  used  because  it  is  a special  case  of  underventilated 
combustion.  The  microgravity  environment  is  crucial  for  this  study  because  buoyancy-induced 
instabilities  impede  systematic  variation  of  IDF  operating  conditions  in  normal  gravity.  The 
project  described  in  this  paper  is  just  beginning,  and  no  results  are  available.  Hence,  the  goals  of 
this  paper  are  to  establish  the  motivation  for  the  research,  to  review  the  IDF  literature,  and  to 
briefly  introduce  the  experimental  and  computational  plan  for  the  research. 

MOTIVATION 

Between  1972  and  1993,  73,000  people  died  in  accidental  fires  in  America.1  Nearly  seventy 
percent  died  from  smoke  inhalation,  and  many  of  them  died  from  fires  which  progressed  beyond 
flashover,  the  rapid  change  of  a fire  from  a developing  state  to  a fully-involved  state.  Flashover 
occurs  when  high-temperature  fuel-rich  gases  accumulate  within  a room  and  ignite  at  a doorway 
or  window  where  they  mix  with  fresh  air.2  Carbon  monoxide  and  soot  are  two  hazardous 
components  of  the  smoke  that  forms  during  the  resulting  underventilated  combustion  period. 
Hence,  it  is  important  to  study  the  ways  that  these  substances  form  in  underventilated  conditions. 

While  studies  of  underventilated,  turbulent  flames  with  various  fuels  have  clearly  established 
the  importance  of  CO  formation  during  underventilated  burning,3  the  local  conditions  leading  to 
CO  (and  soot)  formation  in  these  flames  are  difficult  to  deduce  because  theoretical  predictions  of 
turbulent  reacting  flows  are  difficult.  Studying  laminar  flames  provides  a greater  opportunity  to 
predict  local  conditions  and  correlate  them  with  global  CO  (and  soot)  measurements.  This  is  the 
approach  planned  for  the  present  project. 

The  planned  research  focuses  on  laminar  IDFs  because  the  IDF  is  related  to  the 
underventilated  normal  diffusion  flame  (NDF).  In  an  IDF,  the  positions  of  the  air  and  fuel  streams 
are  interchanged  relative  to  a NDF.  Hence,  while  a NDF  is  established  at  the  interface  between  a 
fuel  jet  surrounded  by  air,  an  IDF  is  established  at  the  interface  between  an  air  jet  surrounded  by 
fuel.  The  IDF  and  the  underventilated  NDF  are  related  in  that  CO  and  soot  which  form  on  the  fuel 
side  of  the  flame  can  potentially  escape  without  passing  through  the  hot  oxidative  reaction  zone. 
In  the  IDF,  these  fuel-formed  species  may  be  convected  axially  along  the  outer  edge  of  the  flame 
and  bypass  the  flame  tip  entirely.  In  an  underventilated  NDF,  these  species  may  convect  axially 
along  the  inner  edge  of  the  flame  and  pass  through  the  open  portion  of  the  flame  tip.  In  a sense, 
the  IDF  is  an  extreme  case  of  the  underventilated  NDF,  and  allows  the  present  study  to  focus  on 
the  type  of  fuel-formed  species  which  bypass  the  hot  oxidation  zone  in  an  underventilated  flame. 
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LITERATURE  REVIEW 

The  present  authors  are  aware  of  only  one  past  study  of  the  CO  and  soot  amounts  produced  by 
underventilated,  laminar  flames.4  In  this  experimental  study  of  NDFs,  it  was  discovered  that  the 
ratio  of  volumetric  CO  concentration  to  carbon  dioxide  (C02)  concentration  was  about  one  to 
two  in  the  exhaust  of  underventilated  methane  (CH4)  and  ethene  (C2H4)  NDFs  over  a range  of 
operating  conditions.  In  addition,  the  soot  from  these  flames  was  more  organic  and  agglutinated 
than  that  typically  emitted  from  overventilated  NDFs.  The  CO  and  soot  yields  were  not  correlated 
as  expected  based  on  overventilated  flame  studies.  This  study  established  the  need  for  further 
research  on  the  details  of  CO  and  soot  formation  during  underventilated  burning. 

Compared  to  the  vast  NDF  literature,  relatively  few  studies  have  been  performed  using  the  IDF 
configuration/'"'  The  first  studies  of  IDFs  were  published  by  Arthur  and  coworkers  in  the 
1950s.12'1 3 These  authors  performed  extensive  testing  on  IDFs  burning  with  air  and  coal  gas,  CH4, 
C2H4,  propane  (C3H8),  and  benzene.  They  discovered  that  the  soot  from  IDFs  was  stickier  and 
more  viscous  than  that  from  normal  flames,  and  that  the  hydrogen  (H2)  content  of  the  IDF  soot 
was  higher  than  that  of  NDF  soot.13  This  soot  structure  is  qualitatively  similar  to  that  discovered 
in  underventilated  NDFs.4  In  some  cases,  because  Arthur  et  al.  found  that  IDFs  were  difficult  to 
stabilize  between  pure  air  and  pure  fuel,  they  studied  flames  between  central  02  jets  and 
surrounding  mixtures  of  (fuel  + N2).12  Several  years  later,  in  1979,  Walker  reported  that,  for 
air/natural  gas  flames,  the  IDF  tip  was  more  rounded  than  the  NDF  tip,  the  IDF  was  less  luminous 
than  the  NDF,  and  the  IDF  soot  was  visible  only  near  the  flame  tip.11  This  structure  is  shown 
schematically  in  Fig.  1 and  in  excellent  color  photographs  in  Refs  7 and  8. 

Kent  and  Wagner  performed  a 1984  study  of  air/C2H4  IDFs  surrounded  by  a glass  tube.8  They 
reported  that  their  flames  were  stabilized  by  strong,  buoyancy-induced  recirculation  zones  in  the 
annular  region  between  the  flame  and  the  glass  tube.  Hence,  it  became  apparent  that  IDFs  formed 
between  pure  air  and  pure  fuel  were  not  independently  stable  over  a wide  range  of  operating 
conditions.  Wu  and  Essenhigh  addressed  this  issue  in  1984. 5 They  published  stability  maps  of 
air/CH4  IDFs  obtained  by  systematically  varying  fuel  and  air  inlet  velocities.  They  found  five  types 
of  flames,  ranging  from  unstable,  buoyancy-sensitive  blue  flames  at  very  low  fuel  and  air 
velocities,  to  stable,  weak  blue  flames  at  low  air  and  moderate  fuel  velocities,  to  stronger  blue 
flames  with  orange-yellow  caps  at  higher  air  velocities.  Interestingly,  these  authors  reported  the 
existence  of  an  unoxidized  "pool"  of  CO  and  H2  at  the  IDF  tip. 

When  Sidebotham  and  Glassman  published 
a 1992  study  of  air/C2H4  IDFs,  they  used  a 
heavily-diluted  fuel  stream  (92%  N2)  and  an 
oxygen-enriched  air  stream  (36%  02).6  These 
authors  determined  that  CO  was  formed  on 
the  fuel  side  of  the  temperature  peak  and  did 
not  penetrate  across  the  reaction  zone  into  the 
central  air  jet.  They  also  found  that  the  CO 
diffused  radially  outward  into  the  surrounding 
fuel  stream.  They  stated  that  the  outwardly- 
diffusing  CO  could  possibly  quench  in  the  cool 
fuel  stream  and  be  swept  out  of  the  flame  as  a 
net  emission.  Hence,  this  scenario,  along  with 
the  flame-tip  CO  “pool”  found  by  Wu  and 


sooting  normal  diffusion  flame  (NDF)  and 
sooting  inverse  diffusion  flame  (IDF). 
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Essenhigh,  supports  a hypothesis  that  IDFs  will  emit  large  amounts  of  unoxidized  CO,  in  a 
manner  which  is  similar  to  underventilated  NDFs.4 

In  1994,  Makel  and  Kennedy  studied  air / C2H4  IDFs  stabilized  by  a H2  pilot  flame.9  They  found 
that  the  integrated  axial  soot  volume  fraction  in  each  flame  increased  and  leveled  off  to  a constant 
value  with  increasing  axial  distance,  in  contrast  to  the  increasing  and  then  decreasing  trend 
measured  in  C2H4/air  overventilated  NDFs.24  The  IDF  soot  volume  fractions  presumably  did  not 
decrease  because  the  soot  did  not  pass  through  an  oxidizing  zone  at  the  flame  tip.  This  supports 
the  hypothesis  that  IDF  soot  follows  a pathway  which  is  similar  to  that  followed  by 
underventilated  NDF  soot  (i.e.,  it  is  not  frilly  oxidized  before  exiting  the  flame). 

Kang  et  al.  published  a 1997  study  of  air/C3H8  IDFs  with  diluted  fuel  (70%  N2)  and  oxygen- 
enriched  air  (40%  02).10  These  authors  demonstrated  that  the  soot  in  an  IDF  experiences  a 
temperature-time  history  similar  to  that  of  soot  in  a counterflow  flame  with  the  flame  on  the 
oxidizer  side  of  the  stagnation  plane.  They  coined  the  phrase  “soot  formation  flame”  to  describe 
these  types  of  flames,  as  opposed  to  the  phrase  “soot  formation-oxidation  flame,”  which  was  used 
to  describe  NDFs  and  counterflow  flames  established  on  the  fuel  side  of  the  stagnation  plane. 

The  studies  discussed  above  demonstrated  that  (1)  buoyancy-induced  instabilities  impede 
systematic  variation  of  pure  IDF  operating  conditions  in  normal  gravity,  and  (2)  IDF  CO  and  soot 
formation  is  similar  to  that  in  underventilated  NDFs.  The  use  of  microgravity  should  eliminate  the 
buoyancy-induced  instabilities  and  allow  a systematic  study  of  undervent ilated-flame  CO  and  soot 
formation. 

To  the  present  authors’  knowledge,  only  two  groups  have  previously  studied  microgravity 
IDFs.25,26  Law  et  al.  studied  IDF  structure  in  a low-pressure  (1/4  atm)  chamber.25  These  authors 
stabilized  a burner-supported,  spherical  IDF  by  issuing  a mixture  of  10%  02  and  90%  N2  through 
a porous  sphere  into  a still  environment  containing  H2  mixed  with  about  2%  CH4.  These  authors 
did  not  report  visible  soot  in  their  flames.  Sunderland  et  al.  found  than  drop-tower  stabilized 
spherical  IDFs  of  air  issuing  into  C2H4  produced  large  amounts  of  soot  which  exited  the  flame 
without  passing  through  the  hot  oxidation  zone."6  It  is  interesting  to  note  that  low-flow-rate 
CHVair  and  C3H8/air  NDFs  established  in  the  NASA  2.2-Second  Drop  Tower  had  open  tips 

27  ^8 

similar  to  underventilated  flames.  ’ 

RESEARCH  PLAN 

The  specific  project  tasks  are  (1)  to  attempt  to  stabilize  IDFs  in  a series  of  2.2-second  drop- 
tower  experiments  and  capture  the  events  with  a video  camera  for  assessment  of  their  stability, 
(2)  to  gain  an  understanding  of  CO  and  soot  formation  in  IDFs  by  analyzing  the  post-combustion 
products  of  CH4  and  C2H4  flames  under  normal  and  low  gravity  conditions,  (3)  to  use  a fiber- 
optic-coupled CO  sensor  to  monitor  the  IDF  tips  during  microgravity  combustion,  and  (4)  to 
model  the  flow  field  and  soot  particle  temperature-time  histories  in  both  normal  and  low  gravity 
conditions  using  an  existing  NIST  computer  program.29  Post-flame  amounts  of  CO  and  soot  will 
be  collected  and  measured.  The  soot  will  be  analyzed  for  organic  and  graphitic  content,  for  carbon 
and  hydrogen  content,  and  for  primary  sphere  size,  agglomerate  size,  and  structure.  The  fiber- 
optic CO  sensor  will  be  based  on  near-infrared  tunable  diode  laser  absorption.  The  computer  code 
features  a particle  transport  model  which  includes  the  effects  of  inertial,  thermophoretic,  and 
gravitational  forces.5^1  The  local  computed  flow  conditions  will  be  combined  with  the  measured 
CO  and  soot  information  to  gain  insight  into  the  conditions  leading  to  the  formation  of  these 
species  during  underventilated  combustion. 
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INTRODUCTION 

Nonpremixed  (diffusion)  flames  are  attractive  for  practical  applications  because  they  avoid  the 
stability  autoignition,  flashback,  etc.  problems  of  premixed  flames.  Unfortunately,  soot 
formation  in  practical  hydrocarbon-fueled  diffusion  flames  reduces  their  attractiveness  due  to 
widely-recognized  public  health  and  combustor  durability  problems  of  soot  emissions.  For 
example,  more  deaths  are  attributed  to  the  emission  of  soot  (15,000-60,000  deaths  annually  in  the 
U.S.  alone)  than  any  other  combustion-generated  pollutant  (ref.  1).  In  addition,  continuum 
radiation  from  soot-containing  flames  is  the  principle  heat  load  to  combustor  components  and  is 
mainly  responsible  for  engine  durability  problems  of  aircraft  and  gas  turbine  engines  (ref.  2).  As 
a result,  there  is  considerable  interest  in  controlling  both  soot  concentrations  within  flames  and 
soot  emissions  from  flames.  Thus,  the  objective  of  the  present  investigation  is  to  study  ways  to 
control  soot  formation  in  diffusion  flames  by  manipulating  the  mixing  process  between  the  fuel 
and  oxidant  streams.  In  order  to  prevent  the  intrusion  of  gravity  from  masking  flow  properties 
that  reduce  soot  formation  in  practical  flames  (where  effects  of  gravity  are  small),  methods 
developed  during  past  work  (ref.  3)  will  be  exploited  to  minimize  effects  of  buoyant  motion. 

It  is  widely  recognized  that  fast  mixing  is  an  effective  way  to  reduce  soot  formation  in 
diffusion  flames  (refs.  2-9).  This  idea  has  evolved  empirically  from  the  notion  that  residence 
times  at  fuel-rich  conditions  should  be  kept  small  to  minimize  soot  growth.  Several  studies, 
however,  suggest  that  the  mechanism  of  fast  mixing  is  important  as  well,  and  that  soot  formation 
can  be  reduced  by  causing  velocities  normal  to  the  flame  sheet  to  be  sufficiently  large  and 
directed  from  the  fuel-rich  toward  the  fuel-lean  side  of  the  flame  (ref.  9).  Present  considerations 
of  this  issue  will  be  limited  to  laminar  diffusion  flames  that  are  widely  accepted  to  provide 
reasonable  model  flame  systems  for  practical  turbulent  flames  through  the  application  of  laminar 
flamelet  concepts  (ref.  9). 

Appropriate  mixing  to  control  soot,  with  velocities  normal  to  the  flame  sheet  directed  toward 
the  fuel-lean  side,  can  be  provided  by  increasing  air-stream  velocities  relative  to  fuel  stream 
velocities,  i.e.,  providing  enhanced  air-stream  velocities  as  sketched  in  Fig.  1.  This  configuration 
involves  a nonturbulent  coflowing  jet  diffusion  flame  having  uniform  air  and  fuel  velocities  at 
the  base  of  the  flame.  Typical  streamlines,  the  locus  of  the  flame  sheet  and  the  soot-contaimng 
regions  are  shown  for  conditions  where  air-stream  velocities,  ua,  are  smaller  (retarded)  and  larger 
(enhanced)  than  fuel-stream  velocities,  % Soot  particles  are  too  large  to  diffuse  like  gas 
molecules  and  are  mainly  convected  at  the  local  velocity  of  the  flow  field.  Then  for  retarded  air- 
stream  velocities,  entrainment  due  to  the  higher  velocity  fuel  stream  causes  the  streamlines  to 
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cross  the  flame  sheet  toward  the  fuel  side.  As  a result,  soot  particles  nucleate  near  the  fuel-rich 
side  of  the  flame  sheet  and  are  convected  away  from  the  flame  sheet,  yielding  long  residence 
times  at  fuel-rich  conditions  so  that  soot  particle  growth  is  enhanced.  As  a result,  these  soot 
particles  become  large  and  are  difficult  to  oxidize  completely  when  they  reach  the  fuel-lean 
portions  of  the  flame,  which  enhances  soot  emission.  In  contrast,  when  the  air-stream  velocity  is 
enhanced,  entrainment  from  the  higher-speed  air-stream  causes  streamlines  to  cross  the  flame 
toward  the  air  side.  This  implies  that  soot  particles  begin  to  nucleate  in  the  cool  core  of  the  fuel- 
rich  side  of  the  flame  and  then  are  immediately  drawn  across  the  flame  to  the  fuel-lean  region 
where  they  are  readily  oxidized  because  they  have  little  time  to  grow  at  fuel-rich  conditions. 
Thus,  enhanced  air-stream  velocities  intrinsically  reduce  residence  times  for  soot  growth 
compared  to  soot  oxidation  and  offer  a convenient  way  to  control  soot  in  nonpremixed  flames 
(ref.  9). 


Effects  of  velocities  normal  to  the  flame  sheet  on  soot  processes  in  laminar  diffusion  flames 
have  been  studied  using  coflowing  and  opposed-jet  diffusion  flames  (ref.  9).  Typical  results  for 
coflowing-jet  diffusion  flames  are  illustrated  in  Fig.2.  These  results  involve  laminar  smoke  point 
fuel  flow  rates,  Qf,  as  a function  of  the  air/fuel-stream  velocity  ratios,  ua/Uf,  at  the  base  of  1,3- 
butadiene/air  flames,  however,  results  for  other  fuels  are  similar  (ref.  10).  Combustion  was 
observed  at  low-pressures  in  order  to  minimize  effects  of  buoyancy  on  air/fuel-stream  velocity 
ratios  (ref.  11).  Increasing  air/fuel-stream  velocity  ratios  clearly  increases  Qf  which  implies 
increased  resistance  to  the  formation  of  soot,  particularly  at  low  pressure  where  changes  of 
burner  exit  velocity  ratio  due  to  the  intrusion  of  gravity  are  smallest.  This  behavior  clearly 
supports  the  soot  suppression  argument  discussed  in  connection  with  Fig.  1 . 

Many  practical  combustor  designs  to  minimize  soot  emissions  appear  to  exploit  effects  of 
enhanced  air-stream  velocities  as  well  (refs.  2,  7,  9),  however,  the  effectiveness  of  the  approach 
is  neither  widely  recognized  nor  understood,  which  inhibits  effective  exploitation  of  this 
technology.  No  attempt  has  been  made  to  assess  capability  to  predict  the  properties  of  the 
resulting  soot-free  blue  flames  either,  even  though  such  flames  are  of  substantial  practical  value. 
Based  on  these  observations,  the  main  objectives  of  the  present  investigation  are  as  follows: 

(i)  Measure  flame  structure  and  soot  properties  of  weakly-buoyant  laminar  jet  diffusion 
flames  in  order  to  quantify  effects  of  enhanced  air  (oxidant)  stream  velocities  on  soot 
processes  and  on  the  conditions  to  achieve  soot-free  (permanently  blue)  flames. 

(ii)  Complete  numerical  simulations  corresponding  to  the  conditions  of  the  experiments 
using  detailed  transport  and  reaction  mechanisms  and  focusing  on  computationally 
tractable  soot-free  flames. 

Similar  to  past  work  (ref.  10)  the  study  is  limited  to  laminar  diffusion  flames  as  an 
experimentally  and  computationally  tractable  model  of  practical  turbulent  diffusion  flames 
through  laminar  flamelet  concepts  (refs.  3 and  9). 

EXPERIMENTAL  METHODS 

A sketch  of  the  test  apparatus  appears  in  Fig.  3.  Methods  used  are  similar  to  past  studies  of 
soot-containing  laminar  jet  diffusion  flames  in  this  laboratory  (ref.  1 1).  The  flames  operate  at  low 
pressures  within  a windowed  chamber  to  reduce  effects  of  buoyancy.  Measurements  include 
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dark-field  photographs,  soot  volume  fractions  by  laser  extinction,  soot  temperatures  by  multiline 
emission,  soot  structure  by  thermophoretic  sampling  and  TEM,  gas  compositions  by  sampling 
and  gas  chromatography,  gas  velocities  by  laser  velocimetry  and  gas  temperatures  for  soot  free 
conditions  by  extrapolating  results  for  various-sized  thermocouples. 


Test  conditions  include  various  coflow  velocities  similar  to  Fig.2.  The  use  of  swirl  velocities 
to  achieve  larger  enhanced  air-stream  velocities  without  blowoff  is  also  of  interest. 

COMPUTATIONAL  METHODS 

Computations  of  flame  structure  will  be  undertaken  using  methods  similar  to  past  work. 
Notably,  chemical  mechanisms  for  soot-free  hydrocarbon/air  flames  are  substantially  simplified 
compared  to  soot-containing  flames  so  that  multidimensional  computations,  particularly  for  the 
boundary-layer  like  flames  to  be  studied,  remain  tractable.  Results  to  be  sought  include 
predictions  of  flame  shapes  and  insight  about  conditions  at  the  onset  of  soot  formation. 
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THE  IMPACT  OF  BUOYANCY  AND  FLAME  STRUCTURE  ON  SOOT, 
RADIATION  AND  NOx  EMISSIONS  FROM  A TURBULENT  DIFFUSION 

FLAME 

I.  M.  Kennedy1,  W.  Kollmann1  and  R.  L.  Vander  Wal2,  'Department  of  Mechanical  and 
Aeronautical  Engineering  University  of  Califomfa  Davis  CA  95616, 2 NCMR  at  NASA-Lewis 
Research  Center,  21000  Brookpark  Rd.,  Cleveland  OH  44135. 

INTRODUCTION 

It  is  hypothesized  that  the  spatial  structure  of  a turbulent  diffusion  flame  plays  an  important 
role  in  determining  the  emissions  of  radiative  energy,  soot  and  NOx  from  a combustor.  This 
structure,  manifested  in  the  two  point  statistics,  is  influenced  by  buoyancy.  Radiation,  soot  and 
NOx  emissions  are  the  cumulative  result  of  processes  that  occur  throughout  a flame.  For  example, 
radiation  fluxes  along  a line  of  sight  can  be  found  from  summing  up  the  contributions  from 
sources  in  individual  pockets  of  hot  soot  that  emit,  and  from  sinks  in  cold  soot  that  absorb.  Soot 
and  NOx  are  both  the  results  of  slow  chemistry  and  are  not  equilibrium  products.  The  time  that  is 
available  for  production  and  burnout  is  crucial  in  determining  the  eventual  emissions  of  these 
pollutants. 

Turbulence  models  generally  rely  on  a single  point  closure  of  the  appropriate  time  averaged 
equations.  Hence,  spatial  information  is  lost  and  needs  to  be  modeled  using  solution  variables 
such  as  turbulence  kinetic  energy  and  dissipation  rate,  often  with  the  assumption  of  isotropy. 
However,  buoyancy  can  affect  the  physical  structure  of  turbulent  flames  and  can  change  the 
spatial  extent  of  soot  bearing  regions. 

Theoretical  comparisons  with  models  are  best  done  in  the  limit  of  infinite  Froude  number 
because  the  inclusion  of  buoyancy  in  flow  models  introduces  significant  uncertainties.  Hence,  LII 
measurements  of  soot,  measurements  of  radiation  fluxes  from  soot,  Particle  Imaging  Velocimetry 
(PIV)  of  the  flow  field  and  measurements  of  post  flame  NOx  will  be  carried  out  on  the  NASA 
Lewis  2.2  sec  drop  tower  and  eventually  on  the  parabolic  flight  aircraft.  The  drop  rig  will  be  a 
modified  version  of  a unit  that  has  been  successfully  used  at  Lewis  in  the  past. 

PLANNED  EXPERIMENTS 

Diffusion  flames  at  atmospheric  pressure  will  be  established  on  a 0.51  mm  I.D.  nozzle 
(length/diameter  > 20)  with  a pilot  diffusion  flame.  A regulator  and  fine  control  valve  will  be 
adjusted  using  a mass  flow  meter  to  deliver  a known  fuel  flow  rate.  The  ethylene  or  acetylene 
flow  through  the  central  gas-jet  tube  will  be  about  1000  seem  giving  a typical  Reynolds  number 
of  around  4,000  while  the  fuel  flow  for  the  laminar  coannular  pilot  flame  will  be  roughly  10  seem. 
The  choice  of  fuel  will  be  determined  by  the  amount  of  soot  that  is  formed  under  the  chosen 
operating  conditions  and  the  performance  of  the  LII  and  PIV  systems. 

The  experiments  will  use  the  2.2s  drop  rig  currently  being  constructed  by  Dr.  Vander  Wal 
under  an  Advanced  Technology  Development  Program  funded  by  NASA  Headquarters  through 
the  Microgravity  Research  Division  (MRD).  The  LII  configuration  builds  upon  experience  with  a 
previous  system. 

Particle  Imaging  Velocimetry  (PIV)  has  been  demonstrated  within  the  2.2  sec  drop  tower 
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facility  using  a pulsed  Nd:YAG  and  video  camera.  Image  analysis  was  performed  using  custom 
software  developed  at  NASA-Lewis.  Current  capabilities  are  being  upgraded  to  allow  variable 
interpulse  time  separation  of  the  two  laser  pulses.  For  turbulent  flow  Reynolds  numbers  ranging 
from  2000  - 1 0000,  time  separations  between  the  two  laser  pulses  to  achieve  reasonable  spatial 
resolution  range  from  50-10  (isec.  Dual  digital  cameras  and  associated  data  storage  and 
processing  device  are  being  tested  for  use  in  either  the  2.2  sec  or  aircraft  facilities. 

MODELING 

The  main  research  issues  are  as  follows. 

(1)  The  effect  of  buoyancy  on  the  correlations  determining  radiative  heat  transfer.  These 
effects  are  essentially  contained  in  the  pdf  of  temperature  and  concentrations  along  a line  of  sight 
and  include  the  associated  length  scales. 

(2)  The  effect  of  buoyancy  on  the  correlations  determining  soot  production,  burnout  and 
transport  as  well  as  NOx.  The  effects  of  turbulence  on  soot  are  contained  in  the  pdf  of 
temperature  and  the  variables  describing  the  formation  and  burnout  of  soot.  The  turbulent 
transport  of  soot  requires  the  associated  second  order  moments. 

The  main  research  tool  is  LES  simulation  of  turbulent  reacting  and  non-reacting  flows  and  the 
evaluation  of  the  results  with  the  aim  to  establish  an  improved  closure  model  to  predict  radiative 
heat  transfer,  soot  and  NOx.  The  direct  numerical  simulation  of  reacting  turbulent  flows  is  not 
feasible  at  the  present.  Hence,  LES  simulations  will  be  used  to  compute  the  correlations  involved 
in  buoyant  and  micro-gravity  turbulent  jet  flames. 

Computational  modeling  will  make  use  of  soot  models  and  radiation  models  that  have  been 
developed  by  the  group  at  UC  Davis.  A Large  Eddy  Simulation  (LES)  of  a round  jet  will  be 
modified  to  include  a sub  grid  scale  model  for  chemical  reaction,  including  soot  formation  and  NO 
chemistry  in  a simple  form.  LES  is  able  to  capture  the  spatial  structure  of  the  flow  and  the  results 
will  be  compared  with  the  measurements  of  the  flow  field  and  soot  distribution  at  lg  and  |xg.  The 
predicted  emissions  of  soot  and  NOx  will  be  compared  with  the  measurements. 

Work  on  the  LES  simulation  method  consisting  of  an  accurate  Navier-Stokes  solver  and  a 
dynamic  LES  model  has  begun  and  the  first  step  devoted  to  the  accurate  Navier-Stokes  solver  has 
been  successfully  concluded.  The  primitive  variables  formulation  of  the  compressible  Navier- 
Stokes  equations  in  cylindrical  coordinates  was  set  up  in  dimensionless  form  consistent  with  the 
zero  Mach  number  limit  such  that  the  incompressible  equations  are  recovered  without 
singularities.  The  equations  were  discretized  using  a Fourier  spectral  method  in  azimuthal 
direction  and  high  order  finite  difference  methods  in  the  other  two  spatial  directions.  The  solver 
allows  the  choice  of  second  to  eighth  order  for  first  and  second  derivatives  as  explicit  central 
difference  operators  or  third  to  ninth  order  upwind-biased  differences.  High  order  filters  are  used 
to  provide  the  numerical  dissipation  to  stabilize  the  system.  Runge-Kutta  type  time  integration 
methods  with  minimal  storage  requirements  were  implemented  and  the  third  and  fourth  order 
version  are  currently  avialable  in  the  solver.  The  simulation  of  turbulent  flows  requires  the 
ability  to  prescribe  time  dependent  boundary  conditions  for  spatially  evolving  flows.  Hence,  the 
proper  form  of  boundary  conditions  for  compressible  flows  in  domains  with  entrance  and  exit 
sections  was  established.  The  current  version  of  the  solver  has  been  tested  for  non-reacting 
compressible  flows  at  subsonic  Mach  numbers.  Spatially  developing  round  jet  flows  with  and 
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without  swirl  have  been  simulated  for  axisymmetric  and  three-dimensional  flows  at  Reynolds 
number  Re= 4000  and  the  reference  Mach  number  Ma  = 0.4. 

The  first  case  is  the  spatially  developing  axisymmetric  flow  generated  by  a round  pipe  exit 
with  the  Reynolds  number  /?e=4000  based  on  the  entrance  conditions  and  the  reference  Mach 
number  Ma  = 0.4.  The  semi-infinite  flow  domain  is  mapped  onto  the  standard  domain  using 
two-parameter  exponential  maps.  The  number  of  grid  points  was  nr  x nz=  121  x 295  with  uniform 
spacing  in  the  image  domain.  The  spatial  derivatives  were  discretized  using  sixth  order  central 
finite  difference  operators  and  the  fourth  order  accurate  Runge-Kutta  time  integrator  was  applied. 
The  initial  conditions  were  extended  throughout  the  flow  field  and  disturbances  for  the  axial 
velocity  were  introduced  at  the  entrance  boundary. 

Selected  results  at  two  times  are  shown  to  illustrate  the  flow  development.  The  azimuthal 
vorticity  plots  show  the  development  of  the  vortical  structures  in  the  flow  field.  Figure  1 shows 
the  isolines  of  the  azimuthal  vorticity  at  t = 16.9394;  the  flow  direction  is  from  left  to  right. 
Several  vortex  rings  have  been  formed  at  this  time.  The  leading  vortex,  which  results  from  the  first 
merging  process,  is  accelerated  in  axial  direction  by  the  induced  velocity  on  the  downstream  part 
of  the  initial  vortex  region  and  is  not  visible  in  the  figure.  The  second  vortex  ring,  visible  as  the 
flattened  structure  at  the  right  side  of  Fig.  1,  is  also  the  result  of  merging  as  is  the  third  ring 
(middle  ring  in  figure.  Vortex  merging  and  subsequent  acceleration  increases  the  axial  distance 
between  the  merged  vortices  and  precludes  further  interaction  with  the  next  upstream  vortex  ring. 
The  development  of  the  flow  shows  that  the  roll  up  into  vortex  rings  upstream  of  the  merged 
rings  becomes  more  crowded  as  the  spacing  between  the  rings  decreases  due  to  the  reduced 
influence  of  the  merged  rings  as  seen  in  Fig.2.  The  third  and  fourth  rings  (counted  from  the  left) 
are  beginning  to  merge  and  this  process  is  continued  establishing  the  growth  rate  of  the  jet.  The 
isotherms  in  Fig.3  are  the  lines  of  constant  disturbance  temperature  where  the  absolute 
(dimensionless)  temperature  is  1+T(r,z,t).  They  reflect  the  presence  of  vortex  ring  structures. 


Fig.  1 Vorticity  in  jet  at  an  early  time 
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Fig.  2 Vorticity  in  jet  at  later  time 


Fig.  3 Isotherms  in  jet 


ACKNOWLEDGEMENTS 

This  work  is  supported  by  the  NASA  Microgravity  Combustion  Program.  RVW  acknowledges 
support  under  NASA  cooperative  agreement  NCC3-544. 


490 


KINETICS  AND  STRUCTURE  OF  SUPERAGGLOMERATES 
PRODUCED  BY  SILANE  AND  ACETYLENE 
G.  W.  Mulholland1,  A.  Hamins1,  and  Y.  Sivathanu2,  1 The  National  Institute  of  Standards  and 
Technology,  100  Bureau  Dr.  STOP  8653,  Gaithersburg,  MD  20899-8653, 
george.mulholland@nist.gov, 2 En’Urga  Inc.,  Business  and  Technology  Center,  1291-A, 
Cumberland  Ave.,  West  Lafayette,  IN  47906,  sivathan@enurga.com. 

INTRODUCTION 

The  evolution  of  smoke  in  a laminar  diffusion  flame  involves  several  steps  (Smyth  and  Miller, 
1987).  The  first  step  is  particle  inception/nucleation  in  the  high-temperature  fuel-rich  region  of 
the  flame  followed  by  surface  growth  and  coagulation/coalescence  of  the  small  particles.  As  the 
primary  spheres  grow  in  size  and  lose  hydrogen,  the  colliding  particles  no  longer  coalesce  but 
retain  their  identity  as  a cluster  of  primary  spheres,  termed  an  agglomerate.  Finally,  in  the  upper 
portion  of  the  flame,  the  particles  enter  an  oxidizing  environment  which  may  lead  to  partial  or 
complete  burnout  of  the  agglomerates. 

Currently  there  is  no  quantitative  model  for  describing  the  growth  of  smoke  agglomerates  up  to 
superagglomerates  with  an  overall  dimension  of  10  pm  and  greater.  Such  particles  are  produced 
during  the  burning  of  acetylene  and  fuels  containing  benzene  rings  such  as  toluene  and 
polystyrene.  In  the  case  of  polystyrene,  smoke  agglomerates  in  excess  of  1 mm  have  been 
observed  “raining”  out  from  large  fires. 

Evidence  of  the  formation  of  superagglomerates  in  a laminar  acetylene/air  diffusion  flame  has 
been  recently  reported  (Sorensen  et  al.,  1998).  Acetylene  was  chosen  as  the  fuel  since  the 
particulate  loading  in  acetylene/air  diffusion  flames  is  very  high.  The  photographs  in  Figure  1 
were  obtained  by  Sorensen  using  a microsecond  xenon  lamp  of  the  “stream”  of  soot  just  above 
the  flame. 


Figure  1 . Soot  gelation  in  a premixed  acetylene/air  flame. 
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For  low  flow  rates  of  acetylene,  only  submicrometer  soot  clusters  are  produced  and  they  give 
rise  to  the  homogeneous  appearance  of  the  soot  stream  in  Fig.  1(a).  When  the  flow  rate  is 
increased  to  1.7  cm3/s,  soot  clusters  up  to  10  pm  are  formed  and  they  are  responsible  for  the 
graininess  in  Fig.  1(b),  and  at  a flow  rate  of  3.4  cm3/s,  a web  of  interconnected  clusters  as  large 
as  the  width  of  the  flame  is  seen  (Fig.  1(c)).  This  interconnecting  web  of  superagglomerates  is 
described  as  a gel  state  by  Sorensen  et  al  (1998).  This  is  the  first  observation  of  a gel  for  a gas 
phase  system.  It  was  observed  that  this  gel  state  immediately  breaks  up  into  agglomerates  due  to 
buoyancy  induced  turbulence  and  gravitational  sedimentation. 

RESEARCH  PLAN 

The  plan  is  to  study  the  evolution  of  these  superagglomerate  structures  to  the  gelation  stage  in  a 
microgravity  environment.  As  pointed  out  above,  the  gel  structure  observed  at  1-g  in  acetylene 
flames  is  short  lived.  There  is  a combination  of  flow  effects  and  ultimately  gravitational  settling 
that  will  limit  the  existence  of  this  structure.  It  is  not  possible  to  observe  such  a for  more  than  a 
few  ms  at  1-g.  In  a microgravity  environment,  there  are  excellent  prospects  for  studying  such 
structures  for  extended  periods.  The  gravity  induced  flows  will  be  absent,  sedimentation  will  be 
absent,  and  the  time  scale  for  physical  agglomeration  is  extended  by  the  much  slower  dilution 
effect  of  the  surrounding  gases.  We  propose  to  take  advantage  of  the  microgravity  conditions  to 
better  quantify  the  growth  of  superagglomerates  and  the  gel  state  and  to  determine  the  initial 
partilce  volume  fraction  and  time  required  to  reach  the  gel  state. 

We  will  focus  much  of  the  effort  on  a silicon  based  fuel.  We  propose  to  bum  silane  and  look 
at  the  evolution  of  the  “white”  silica  smoke.  There  are  a number  of  advantages  to  this  system 
over  hydrocarbon  fuels  for  studying  agglomeration.  First,  the  silica  particles  produced  are  a 
major  product  of  combustion  with  the  yield  easily  computed  from  the  flow  of  silane.  That  is,  one 
silane  molecule  produces  one  Si02  molecule.  For  carbonaceous  fuels,  the  smoke  is  a secondary 
combustion  product  and  the  yield  can  not  be  predicted.  Secondly,  the  initial  particle  volume 
fraction  can  be  simply  controlled  by  the  concentration  of  nitrogen  mixed  with  the  silane.  Thirdly, 
the  particulate  volume  fraction  can  be  adjusted  to  values  as  much  as  a factor  of  10  higher  than 
carbonaceous  smokes.  Fourthly,  the  oxidation  step  is  the  same  as  the  formation  step  for  silica  so 
there  is  no  loss  of  particulate  mass,  while  in  a carbonaceous  system  part  or  even  all  of  the  smoke 
produced  can  be  burned  out.  Finally,  silane  autoignites  upon  mixing  with  air  so  that  an  igniter  is 

not  needed. 

To  carry  out  this  study  we  will  use  three  optical  methods  plus  thermophoretic  collection  of  the 
particles.  The  superagglomerates  will  be  directly  imaged  using  microsecond  flash  photography. 
Secondly,  a small-angle  light  scattering  instrument  will  be  developed  for  measuring  the  radius  of 
gyration  of  the  soot  agglomerates  as  a function  of  time.  We  are  not  aware  of  any  instrument 
currently  available  that  can  provide  continuous  particle  sizing  for  agglomerates  as  large  as  100 
pm.  Thirdly,  the  radiant  flux  from  the  flame  will  be  measured  as  a function  of  fuel  flow  for  both 
silane  and  acetylene  to  determine  the  radiant  fraction  of  the  heat  release  rate  and  to  correlate  with 
particulate  loading.  Finally,  the  agglomerates  will  be  collected  thermophoretically  and  by 
filtration  for  determining  structure  and  primary  sphere  size  by  electron  microscopy  as  well  as  the 
density  and  yield  of  the  agglomerates. 

A schematic  diagram  of  the  agglomeration  chamber  that  will  be  used  to  obtain  and  hold  very 
high  levels  of  silica  and  carbon  agglomerates  at  different  temperatures  is  shown  in  Fig.  2.  The 
cell  will  be  designed  so  that  one  side  of  the  container  will  serve  as  a release  diaphragm.  Silane 
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premixed  with  nitrogen  (to  control  the  temperature  and  particle  loading)  is  introduced  through  a 
tube  at  the  bottom  of  the  burner.  The  tube  has  a fast  acting  solenoid  valve  to  meter  the  amount  of 
silane  introduced  into  the  agglomeration  chamber.  The  valve  is  specifically  designed  for  silane 
because  of  the  reactivity  of  silane  with  oxygen.  Air  is  introduced  through  a solenoid  valve  before 
the  silane.  As  silane  is  introduced  into  the  chamber,  it  undergoes  a fast  exothermic  reaction  and 
the  products  of  combustion  (silica  particulate  and  water  vapor)  are  formed  and  persist  at 
microgravity  conditions  as  a cloud  within  the  chamber.  It  is  expected  that  1 s to  2 s will  be 
adequate  time  to  test  the  silane  burner  under  microgravity  conditions  and  that  10  s to  20  s will 
allow  adequate  time  for  the  formation  and  collection  of  the  superagglomerates  under 
microgravity  conditions.  Thus,  experiments  are  planned  for  both  the  2.2  s Drop  Tower  and  for 
the  KC-135  aircraft.  Depending  on  the  concentration  and  amount  of  silane  introduced  into  the 
system,  the  agglomerate  size  will  increase  and  a gel  structure  ultimately  form.  Some  tests  will 
also  be  carried  out  using  acetylene  to  study  the  formation  of  superagglomerate  carbon  particles. 
In  this  case  an  igniter  will  be  added  to  the  facility. 


Wide  angle  radiometer 
Windowed  agglomeration  chajnber 
Beam  expander 


Blow  out  panel 


He-Ne  Laser/  Flash  lamp 


Thermophoretic  probe 


Linear  array/camera 


Silicate  ash 


Premixed  silane/nitrogen  or  acetylene 


Figure  2.  Bumer/chamber  configuration  for  formation  of  superagglomerate. 

COMPUTER  SIMULATION 

Agglomeration  occurs  when  diffusing  primary  particles  collide  and  stick  together,  forming 
doublets,  which  in  turn  collide  with  primary  particles  as  well  as  doublets,  leading  to  larger  and 
larger  irregularly  shaped  clusters.  Mulholland  et  al.  (1988)  simulated  this  process  by  distributing 
8000  primary  particles  at  random  positions  in  a cubic  box  The  diffusive  motion  of  a particle  of 
mass  m is  described  by  Langevin  equations  (Chandrasekhar,  1943) 

dr/dt=v;  m dv/dt  = - mpv  + f (1) 

where  r and  v are  the  position  and  velocity  of  the  particle,  (3  is  the  momentum  relaxation  of  the 
agglomerate,  and  / is  a random  force  related  to  (3  by  the  fluctuation-dissipation  theorem 

^f(t0)*f(to+t))  = 6PmkBT5(t)  (2) 

Here  kB  is  Boltzmann's  constant,  T is  the  absolute  temperature  of  the  medium  in  which  the 
agglomeration  process  is  taking  place,  and  8(t)  is  the  Dirac  delta  function.  The  free  molecular 
condition  corresponds  to  the  particle  relaxation  time,  (31,  long  compared  to  the  time  for  the 
particle  to  move  one  diameter  in  the  absence  of  drag  force  resulting  from  the  gas  molecules.. 
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The  diffusive  motion  of  the  particles  is  supplemented  by  the  condition  that  if  any  two  particles 
touch,  they  stick  forming  a larger,  rigid  cluster.  The  cluster  continues  to  diffuse  according  to  the 
Langevin  equation  but  with  a changed  mass.  This  growth  process  is  known  in  the  fractal 
literature  as  cluster-cluster  aggregation. 

Previous  simulations  focused  on  conditions  appropriate  to  a low  density  agglomeration 
process.  At  the  time  of  this  earlier  study  the  anomalously  large  agglomeration  rate  obtained  for  a 
large  initial  volume  fraction  was  discarded  as  unphysical  for  a low  density  system;  however,  this 
high  density  condition  is  appropriate  for  simulating  gelation 

A previously  developed  computer  code  will  be  adapted  for  current  generation  computers, 
which  will  allow  calculation  on  systems  with  as  many  as  80,000  primary  spheres.  This  will 
correspond  to  a maximum  cell  size  of  about  10  |im  compared  to  a maximum  size  of  about  3 jum 
in  the  previous  studies.  The  time  dependence  of  the  average  cluster  size  and  of  the  intensity 
weighted  average  radius  of  gyration  will  be  computed  and  the  behavior  near  the  gel  point 
assessed.  These  results  will  be  compared  with  the  measured  time  dependence  of  the  radius  of 
gyration  based  on  the  small  angle  light  scattering  experiments.  While  the  cluster  size  at  the  gel 
point  will  be  much  larger  for  the  experimental  system,  it  is  anticipated  that  a scaling  relation  will 
be  found  from  the  computer  simulation  for  the  behavior  near  the  gel  point 
The  direction  of  the  modeling  will  be  led  by  the  experiments.  The  size  and  structure  observed 
for  the  agglomerates  will  be  important  as  inputs  to  the  modeling.  For  example,  if  there  is 
evidence  from  the  electron  microscopy  of  restructuring  of  the  agglomerates  to  a higher  fractal 
dimension,  the  sticking  condition  of  the  clusters  will  be  adapted  to  simulate  this  effect. 

POTENTIAL  IMPACT 

The  gel  produced  by  the  aerosol  route  has  the  potential  for  being  an  ultra  low-density  material. 
One  intriguing  application  for  such  a material  is  as  a filter  media,  since  it  has  a small  particle  size 
yet  a high  porosity.  A second  impact  of  this  study  is  a better  understanding  of  the  differences 
between  hydrocarbon  combustion  and  burning  with  silicon.  This  is  important  for  appreciating 
the  fire  safety  advantages  of  silicon  containing  materials  for  aerospace  applications,  including 
space  travel. 
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INTRODUCTION 

This  paper  discusses  the  aluminum  particle  combustion  mechanism  which  has  been  expanded  by 
inclusion  of  gas  dissolution  processes  and  ensuing  internal  phase  transformations.  This  mechanism 
is  proposed  based  on  recent  normal  and  microgravity  experiments  with  particles  formed  and  ignited 
in  a pulsed  micro-arc1'4. 

Figure  1 summarizes  recent  experimental  findings  on  the  three  stages  observed  in  A1  particle 
combustion  in  air  and  shows  the  burning  particle  radiation,  trajectory  (streak),  smoke  cloud  shapes, 
and  quenched  particle  interiors.  During  stage  I,  the  radiation  trace  is  smooth  and  the  particle  flame 
is  spherically  symmetric.  The  temperature  measured  using  a three-color  pyrometer  is  close  to  3000 
K.  Because  it  exceeds  the  aluminum  boiling  point  (2730  K),  this  temperature  most  likely 
characterizes  the  vapor  phase  flame  zone  rather  than  the  aluminum  surface.  The  dissolved  oxygen 
content  within  particles  quenched  during  stage  I was  below  the  detection  sensitivity  (about  1 atomic 
%)  for  Wavelength  Dispersive  Spectroscopy  (WDS).  After  an  increase  in  the  radiation  intensity  (and 
simultaneous  decrease  in  the  measured  color  temperature  from  about  3000  to  2800  K3)  indicative 
of  the  transition  to  stage  II  combustion,  the  internal  compositions  of  the  quenched  particles  change. 
Both  oxygen-rich  (~  10  atomic%)  and  oxygen-lean  (<1%)  regions  are  identified  within  the  particles 
using  back-scattered  electron  imaging  and  WDS3.  During  stage  n,  oscillations  are  observed  in 
particle  radiation  and  the  flame  and  smoke  cloud  are  distorted  from  their  original  spherically- 
symmetric  shape.  In  stage  III,  particle  radiation  continues  to  exhibit  oscillations,  but  its  radiation 
intensity  drops  and  remains  at  a nearly  constant  level.  The  measured  temperature  decreases  to  about 
2300  K3.  Also,  larger  changes  in  particle  velocities  are  observed,  and  oxide  caps  are  found  on 
quenched  particle  surfaces. 

While  these  results  showed  the  correlation  between  the  aluminum  particle  combustion  behavior 
and  the  evolution  of  its  internal  composition,  the  change  from  the  spherically  symmetric  to 
asymmetric  flame  shape  occurring  upon  the  transition  from  stage  I to  stage  II  combustion  could  not 
be  understood  based  only  on  the  fact  that  dissolved  oxygen  is  detected  in  the  particles.  The 
connection  between  the  two  phenomena  appeared  even  less  significant  because  in  earlier  aluminum 
combustion  studies  carried  in  02/Ar  mixtures,  flame  asymmetry  was  not  observed  as  opposed  to 
experiments  in  air  or  02/CO  mixtures 5 6 . It  has  been  proposed  that  the  presence  of  other  gases,  i.e., 
hydrogen7,  or  nitrogen8,9  causes  the  change  in  the  combustion  regime. 

RESULTS  OF  THE  MICROGRAVITY  AND  NORMAL  GRAVITY  EXPERIMENTS 

One  of  the  most  widely  accepted  hypotheses  is  that  flame  asymmetry  develops  when  convective 
and  buoyant  flows  disturb  the  originally  spherically  symmetric  diffusion  flame  adjacent  to  the  molten 
aluminum  particle 10 1 1 . In  order  to  explore  this  hypothesis,  experiments  on  single  aluminum  particle 
combustion  were  conducted  in  a microgravity  environment*'3.  Nearly  motionless  aluminum  particles 
were  produced,  ignited  and  burned  under  conditions  where  buoyant  and  convective  flows  are  greatly 
reduced  as  compared  to  those  existing  in  normal  gravity  laboratory  experiments.  The  crucial  result 
of  the  microgravity  experiments  was  that  flame  asymmetry  developed  in  the  aluminum  particle  flame 


497 


INTERNAL  HETEROGENEOUS  PROCESSES  IN  ALUMINUM  COMBUSTION:  E.  L.  Dreizin 


in  the  same  way  as  in  normal  gravity.  Thus, 
buoyant  and  convective  flows  were  found 
not  to  be  the  primary  reason  for  the  transi- 
tion from  symmetric  to  asymmetric  burning. 

Subsequent  experiments4  focused  on 
identifying  conditions  under  which  asym- 
metric combustion  could  develop.  Particles 
of  90  and  250  pm  diameter  were  produced 
and  ignited  in  pure  02,  N^O^  Ar/02,  and 
He/02  gas  mixtures.  Brightness  oscillations 
indicative  of  asymmetric  particle  burning 
developed  reproducibly  in  the  N2/02  gas 
mixtures,  consistent  with  the  previous  ob- 
servations1'3; similar  brightness  oscillations 
developed  occasionally  in  pure  02  and  both 
Ar/02  and  He/Oz  mixtures.  The  oxygen-rich 
and  oxygen-lean  phases  were  detected  in  the 
interiors  of  all  the  partially  burned  particles 
independent  of  the  gas  environment.  Oxide 
caps  were  found  on  the  surfaces  of  particles 
burning  in  all  the  environments;  however 
the  size  of  the  oxide  caps  detected  on  the 
particles  quenched  in  the  Ar/02  and  He/02 
mixtures  was  markedly  smaller  than  that 
found  in  the  N2/02  gas  mixtures.  Therefore, 
in  all  of  these  environments,  oxygen  is 


Fig.  1 . Aluminum  particle  radiation,  streak,  smoke  traces,  tJ‘ansported  to  a"d  absorbed  by  the  burning 
and  particle  cross-sections  interior  during  aluminum  a^undnum  Particle.  The  rate  of  this  process 
particle  combustion  in  air1 3 and,  as  a result,  the  total  amount  of  absorbed 

oxygen  and  size  of  the  oxide  caps  depend  on 
the  gas  environment.  One  likely  mechanism  for  the  oxygen  transport  to  the  particle  surface  is 
diffusion  and  thermophoresis  of  oxygen-containing  molecules  produced  in  the  vapor  phase  flame. 
Estimates  for  equilibrium  oxygen-containing  gas  phase  species  showed  that  significant  amounts  of 
NO  are  produced  in  air  in  addition  to  A120,  AlO,  and  A1202  produced  in  all  the  gas  environments. 
It  was  shown4  that  this  NO  could  account  for  an  enhanced  transport  of  oxygen  from  the  flame  zone 
to  the  particle  surface  in  air,  as  compared  to  the  other  environments. 


COMBUSTION  MECHANISM 

A proposed  overall  mechanism  linking  phase  changes  occurring  in  burning  aluminum  particles 
with  the  observed  stages  in  its  combustion  is  described  below.  It  uses  the  available  experimental 
results  and  the  aluminum-oxygen  phase  diagram  1213  shown  schematically  in  Fig.  2.  Aluminum 
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ignites  at  a temperature  approaching  or 
exceeding  melting  point  of  the  natural  A1203 
layer  (2323  K)  6.  Because  the  adiabatic 
flame  temperature  for  aluminum  is  very  high 
(e.g.,  it  is  greater  than  3500  K for  aluminum 
flame  in  air),  the  particle  rapidly  self-heats  to 
the  aluminum  boiling  point,  2730K  (onset  of 
stage  I combustion,  see  Fig.  2).  A spherical 
vapor-phase  flame  develops  in  which  con- 
| densed  A1203  forms  as  a result  of  the  mulu- 

Al203  step  aluminum  gas  phase  oxidation9.  Part  of 

Fig.  2.  Aluminum-oxygen  binary  phase  diagram  - with  the  high  SST  AlO, 

pis  of  processes  occurring  during  different  stages  of  duced  "nsported  (via 

aluminum  particle  combustion.  diSonandtheLphoresisfbacktoalumi- 

nuni  surface4andPro»ide,heoxyge„source^r^ehemrogcncomtalu^itmi^xygen^re^ti^^^e 

phase  diagram.  Fig.  2,  indicates  that  molten  solution  forms  within  burning  particle  in  the 

producing  a liquid  L, . Therefore,  a uniform  Al-0  (L.)  solubility  in  L,  increases 

first  stage  of  its  combustion.  The  phase  diagram  sh ow 

when  the  temperature  decreases.  The  solution  boi  ing  P ^ L increaSes.  At  25 1 0 K,  the 

to  2510  K (saturated  L,)  as  the  concentration  ooxy§  and  an  oxygen-rich  liquid  U-  Stage 

phase  diagram  shows  a three-phase  equ.hbriumbet^^^  aresult  ^heterogeneous  reaction 

n combustion  begins  when  a new  liquid  phase,  L,,  starts  to  form  as  a result  S 

“ "5 HTaTTh- no r --  ^ 

»fl ‘■^SS^ina^dMb«donwiIhi. 

quenched  dunng  sutgell  ^ “e’"agmPount  of  the  new  phase  produced  is  very  small 

that  of  Li  (2510  K)  ’ * .u.  aluminum  evaporation  rate  decreases 

because  of  the  much  Usher  oxygen  co  ’ This  non.uniformity  in  the  aluminum 

dramatically  above  each  small  '^ofL-rOr  name  observed  during  stage  n 

evaporation  results  in  the  asymmetry  * L and  it  continues  to  boil 

required  to  boil  L,  and  the  temperature  rops  . rate  drops  rapidly  because  of 

temperature  decreases  from  the  L,  boiling  to  2323  K. 

the  sudden  decrease  in  the  aluminum  vaporization  rate.  When  the  tempera 

the  phase  diagram  predicts  a monotectic  phase  transition: 
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L,  + L2 


2323  K 


• * A1203  + L,  (2) 

As  a result  of  this  reaction,  solid  aluminum  oxide  precipitates  from  a mixture  of  two  liquids  This 

inclusion  rCeeHA  ^ 3 C°nStant  temPerature  and  A1203  grows  heterogeneously  from  the 
nclusions  of  L,  formed  during  stage  U.  Because  the  two  liquids  L,  and  L2  are  immiscible  and  have 

different  densities,  spinning  of  the  burning  particle  triggered  during  stage  H by  the  non-uniform 
aluminum  evaporation  separates  the  two  liquids.  This  results  in  the  formation  of  one  large  oxide 
lobe  rather  than  a number  of  smaller  oxide  inclusions. 

The  above  mechanism  allows  one  to  qualitatively  interpret  phenomena  observed  by  different 
researchers  in  aluminum  particle  combustion  experiments.  There  also  are  noteworthy  implications 
orhigherpressure  aluminum  combustion,  e.g.,  in  aluminized  propellants.  While  reaction  (2)  occurs 
at  2323  K independent  of  pressure,  the  temperature  of  the  Gas-L,-!^  equilibrium  (1)  increases  at 
ig  er  pressures  . It  is  thus  probable,  that  the  boiling  point  of  aluminum  or  L,  will  not  be  reached 
when  there  are  significant  radiative  heat  losses  at  high  temperatures  and  pressures.  This  means  that 
e gas  region  separating  the  oxygen-lean  and  oxygen-rich  phases  in  the  Al-O  diagram  at  the  1 atm 
aluminum  combustion  temperatures  will  be  replaced  by  a condensed  phase  region  in  which  dissolved 
2"  concen?'atlon  change  in  a wide  range.  At  high  pressures,  the  mechanism  of  aluminum 
mbustion  is  thus  predicted  to  become  more  similar  to  the  combustion  mechanisms  of  metals  that 
bum  primarily  on  the  surface  at  1 atm,  e.g.,  Zr. 
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INTERFEROMETER  DEVELOPMENT  FOR  STUDY  OF  INTERACTIONS 
BETWEEN  FLAMES  ON  PARALLEL  SOLID  SURFACES 


J.  S.  Goldmeer1,  D.  L.  Urban2,  and  Z.G.  Yuan3,  National  Research  Council,  2NASA  GRC, 
3National  Center  for  Microgravity  Research,  21000  Brookpark  Road,  Cleveland  OH  44135. 


INTRODUCTION  . . , ... 

The  interactions  between  flames  spreading  over  parallel  solid  sheets  of  paper  are  being  studied 

in  normal  gravity  and  in  microgravity.  This  geometry  provides  interesting  opportunities  to  study 
the  interaction  of  radiative  and  diffusive  transport  mechanisms  on  the  spread  process.  These 
transport  mechanisms  are  changed  when  the  flame  interacts  with  other  flames.  Most  practical 
heterogeneous  combustion  processes  involve  interacting  discrete  burning  fuel  elements, 
consequently,  the  study  of  these  interactions  is  of  practical  significance.  Owing  largely  to  this 
practical  importance,  flame  interactions  have  been  an  area  of  active  research,  however 
microgravity  research  has  been  largely  limited  to  droplets  [1,2].  Consideration  of  flame  spread 
over  parallel  solid  surfaces  has  been  limited  to  1-g  studies  [3,4,5]. 

To  study  the  conductive  transport  in  these  flames,  an  interferometer  system  has  been  developed 
for  use  in  the  drop  tower.  The  system  takes  advantage  of  a single  beam  interferometer:  Point 
Diffraction  Interferometry  (PDI)  [6]  which  uses  a portion  of  the  light  through  the  test  section  to 
provide  the  reference  beam.  Like  other  interferometric  and  Schlieren  systems,  it  is  a line  of  sight 
measurement  and  is  subject  to  the  usual  edge  and  concentration  effects.  The  advantage  over 
Schlieren  and  shearing  interferometry  systems  is  that  the  fringes  are  lines  of  constant  index  o 
refraction  rather  than  of  its  gradient  so  the  images  are  more  readily  interpreted.  The  disadvantage 
is  that  it  is  less  able  to  accommodate  a range  of  temperature  gradients. 


INTERFEROMETER  HARDWARE 

The  interferometer  [7]  uses  a 200  micron  optical  fiber  pig-tailed  to  a 0.9  mW  laser  diode  (635 
nm)  to  create  a point  source  at  the  cleaved  fiber  tip.  The  diverging  laser  beam  is  collimated  into  an 
8 cm  diameter  beam  by  an  achromatic  lens  (0.31  m focal  length),  passes  through  the  test  section, 
and  is  focused  on  a PDI  disk  by  a second  achromatic  lens.  The  interference  pattern  is  imaged 
with  an  80-200mm  f4  lens  mounted  to  a black  and  white  CCD  camera.  A color  CCD  camera  is 
used  to  capture  flame  images.  The  PDI  disk  is  a commercially  available  product  produced  by 
Ealing  Electro-Optics  Inc.  that  consists  of  a circular  diffraction  hole  ( -100  nm)  centered  in  a 
semi-absorbing  thin  film  (~lmm  diam.).  A portion  of  the  beam  passes  through  the  film  with  some 
attenuation,  but  is  otherwise  unchanged.  Light  passing  through  the  center  pinhole,  creates  a 
spherical  diffraction  wave  that  acts  as  the  reference  beam.  The  interaction  of  the  reference 
(diffracted)  wavefront  and  the  incident  (test)  wavefront  generates  an  interferogram.  For  ease  of 
interpretation  of  the  interferograms,  the  interferometer  is  used  in  infinite  fringe  mode  where  the 
fringes  are  contours  of  constant  optical  path  length.  For  a two  dimensional  system  at  constant 
pressure,  with  ideal  gases  of  constant  composition,  these  fringes  are  identically  isotherms.  If  the 
system  is  axisymmetric,  the  fringes  must  be  deconvoluted. 

EXPERIMENTAL  RESULTS 

Comparisons  of  interferometry  measurements  to  thermocouple  measurements  were  made  to 
validate  the  performance  of  the  PDI  system.  In  the  first  set  of  tests,  the  PDI  system  was  used  to 
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measure  temperature  profiles  generated  by  a heated  vertical  flat  plate  and  a heated  vertical  circular 
cylinder.  As  can  be  seen  in  Figure  1,  the  interferometer  results  agree  well  with  the  thermocouple 
measurements  and  with  the  predicted  values. 

Comparisons  of  PDI  and  thermocouple  measurements  in  flames  were  made  in  two-dimensional 
and  axisymmetric  steady  geometries.  The  PDI  temperatures  were  compared  with  data  taken  with 
a 76  micron  OD,  type  S thermocouple  (Platinum  / Platinum- 10%  Rhodium)  that  has  a 
measurement  uncertainty  of  ±0.25%  K;  this  corresponds  to  an  uncertainty  of  ±5  K at  a 
temperature  of  1 800  K. 

A two-dimensional  flame  was  produced  using  methanol  evaporating  from  a vertical  sheet  of 
ceramic  insulation  material  [8].  The  insulation  board  was  5.1  cm  wide  by  10.2  cm  tall  by  0.32  cm 
deep  and  was  supported  in  an  aluminum  frame.  Ten  milliliters  of  methanol  were  applied  to  the 
lower  half  of  the  board  prior  to  each  test.  Multiple  tests  were  conducted  with  the  thermocouple 
probe  to  ensure  that  the  thermal  profile  was  steady.  The  thermocouple  profiles  were  taken  at  the 
sample  mid-plane,  0.9  cm  from  the  leading  edge  of  the  aluminum  frame  (0.25  cm  from  the  leading 
edge  of  the  insulation  board).  This  elevation  was  chosen  to  examine  a flame  that  was  qualitatively 
similar  to  the  leading  edge  of  a spreading  flame.  To  limit  heat  conduction  effects,  the 
thermocouple  was  inserted  horizontally,  parallel  to  the  sample  surface 

A comparison  of  the  interferogram  of  the  flame  with  a visible  flame  image  is  shown  in  Figure  2. 
Note  that  the  closed  fringes  (those  that  do  not  end  at  the  wall,  but  appear  to  loop  around)  appear 
at  the  same  location  as  the  visible  flame.  Figure  3 is  a comparison  of  the  PDI  and  thermocouple 
temperature  profiles.  The  thermocouple  data  for  these  tests  were  corrected  for  radiative  losses 
using  the  method  of  Ang,  et  al.[8J.  The  error  bars  on  the  PDI  data  represent  the  width  of  the 
fringes;  the  center  of  the  fringe  was  assumed  to  be  the  location  of  the  fringe  temperature.  At  the 
peak  temperature,  the  thermocouple  and  PDI  profiles  vary  by  less  then  2%.  At  the  wall,  the  PDI 
and  thermocouple  data  differ  by  20%. 

The  flame  temperatures  were  calculated  from  the  fringe  data  using  gas  properties  for  air  (a 
reasonable  approximation  at  the  leading  edge).  The  decrease  in  the  flame  temperature  (from  the 
peak  to  the  wall)  was  achieved  by  reducing  the  absolute  magnitude  of  the  fringe  numbers.  The 
maximum  fringe  order  was  taken  to  be  the  center  of  the  closed  fringes.  Thus,  the  fringe  numbers 
increase  from  the  ambient  to  the  peak  and  then  decrease  towards  the  wall.  The  difference  between 
the  PDI  and  thermocouple  temperatures  at  the  wall  could  be  caused  by  the  fact  that  the  PDI  was 
measuring  the  gas  phase  temperature  next  to  the  wall  while  the  thermocouple  was  influenced  by 
the  wall  temperature.  Similar  comparisons  were  made  with  good  results  for  a dilute  methane 
laminar  gas  jet  diffusion  flame. 

Figure  4 contains  interferograms  for  downward  flame  spread  over  Kimwipe  fuel  at  different 
pressures  in  1-g  in  30%  oxygen/nitrogen.  As  is  evident  in  the  images,  the  width  of  the  thermal 
field  changes  with  pressure.  This  effect  is  consistent  with  the  change  in  the  thermal  diffusivity 
with  pressure.  These  interferograms  were  used  to  calculate  the  conducted  heat  transport  to  the 
paper  surface  ahead  of  the  leading  edge  of  the  flame  where  the  gas  composition  is  predominantly 
air.  This  conductive  transport  was  used  to  estimate  the  rate  at  which  the  thermal  field  would 
propagate  if  conduction  was  the  sole  mechanism  for  the  measured  increase  in  the  temperature  of 
the  solid  fuel  (equivalence  of  the  temperature  of  the  gas  at  the  surface  and  the  surface  was 
assumed).  In  the  equation,  the  RHS  is  the  gas  phase  conductive  heat  flux  to  the  sample  surface 
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which  is  balanced  with  the  LHS  which  is  the  sensible  heat  in  the  solid.  These  results  are  presented 
in  Figure  5.  The  spread  rate  based  upon  the  conducted  flux  is  about  30%  lower  than  the 
measured  spread  rate.  Reasons  for  the  discrepancy  include  radiative  transport  to  the  fuel.  Further 
work  will  examine  this  difference  in  more  detail. 
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Figure  1.  Comparison  of  experimental  and  theoretical  temperature  profiles  generated  by  a heated 
vertical  flat  plate(left)  and  a heated  cylinder  (right).  The  error  bars  on  the  interferometry  data 
represent  the  width  of  each  fringe;  the  fringe  temperature  is  assumed  to  be  at  the  center  of  each 
fringe. 
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Figure  2 - Fringe  image  (A),  visible  flame 
image  (B),  and  combined  visible 
flame/fringe  images  (C)  for  a two- 
dimensional  methanol  flame.  The  bright 
white  region  in  image  (C)  is  the  visible 
(blue)  flame. 
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Figure  3 - Comparison  of  PDI  and 
thermocouple  temperature  profiles  for  the 
two-dimensional  methanol  flame  in  Figure 
2.  The  error  bars  on  the  interferometry 
data  represent  the  width  of  each  fringe;  the 
fringe  temperature  is  assumed  to  be  at  the 
center  of  each  fringe. 


Figure  4.  Interferograms  for  normal  gravity,  downward  flame  spread  (1-g)  in  30%  02/  Balance 
N2.  All  three  images  are  at  the  same  scale:  1 .75  cm  (width)  x 1 .38  cm(height)  From  the  left, 
pressure  = 0.50  Atm,  0.25  Atm.,  and  0.10  Atm. 

Figure  5.  Comparison  of  the 
calculated  spread  rate  (based 
upon  the  conducted  transport 
measured  from  the 
interferograms)  with  the 
measured  and  theoretical 
spread  rates. 
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tOTRODUCTION^ay  ^ ,QW  gravity  Oamcs  in  normal  gravity  has  been  developed.  To 

(induced  by  partial  gravity  buoyancy)  can  be  assessed. 

Equivalent  stretch  rates  can  be  determined  as  a function  of  gravity,  m^osed  flo^  and | ^ 

A generaUzed  expression  foi^stretchjat^  /the  equivalent  stretch 

mirisST=  KpVVpJ  te®£ 

definition  of  flame  stretch. 


NORMAL  GRAVITY  RESULTS 


A concept  of  the  experimental  apparatus  is  shown  in 
Figure  1 . The  fuel  sample  was  hung  from  the  ceiling  to 
avoid  flow  disturbances  from  the  support  structure.  The 
apparatus  was  enclosed  in  a large  double  layered  screen 
cage  to  eliminate  room  drafts  while  allowing  free  flow  of 
air  around  the  sample.  An  exhaust  vent  was  recessed  in 
the  ceiling  above  the  sample  to  remove  combustion  prod- 
ucts while  minimizing  disturbances  to  the  natural  convec- 
tive stagnation  point  flow  below  the  sample.  Sample 
probes,  cameras,  thermocouples,  and  other  diagnostics 
were  introduced  on  cantilevered  extension  arms  through 
small  openings  in  the  wire  screens  for  minimal  disturbance 


Figure  1 Experiment  layout 


505 


Low  Stretch  Diffusion  Flames.  S.L.  Olson  and  J.S.  T’ien 


SURFACE  REGRESSION  RATES 

Figure  2 captures  the  surface  regression 
rates  for  PMMA  over  the  full  range  of 
flammability  in  air,  from  blowoff  at  high 
stretch,  to  quenching  at  low  stretch,  ob- 
served for  the  first  time  in  this  work.. 

The  solid  line  drawn  through  the  central 
portion  of  the  data  (3<a<100  s ')  has  a 
slope  of  unity,  which  indicates  regression 
is  proportional  to  stretch.  This  relationship 
is  different  from  classical  theory  where  re- 
gression is  proportional  to  am.  The  high 
stretch  data141  actually  follows  classic  the- 
ory. The  deviation  from  this  classic  theory 
has  been  predicted  for  low  stretch  when 
radiative  loss  is  included'11.  This  figure 
assumes  the  existence  of  a direct  relation- 
ship between  forced  stretch  (6>,  and  buoyant 
stretch  , and  the  excellent  correlation  be- 
tween these  different  methods  of  stretch 
generation  shows  that  this  assumption  is 
reasonable. 


- . mu,  measurements  as  a 

unction  stretch  rate.  Data  spans  from  blowoff  extinction  at 
high  stretch  rate  to  quenching  extinction  at  low  stretch  rate 
Line  through  linear  portion  of  data  (away  from  limits)  has  a 
slope  of  unity. 


where  departure  waanot  acW'ved  is  3 s ', 

observed,  which  is  believed  to  be  a new^eefrne  i—6  a °eW  flamelet  phenomenon  is 

Burning  rate  data  and  temperature 
measurements  were  used  to  evaluate  each 

right.  The  fostlem^n  frie  kfr-hand^ide  ""h  “ **  Sh°Wn  “ the  equation  t0  the 

term  on  the  left  is  the  net  flame  I ***  fluX  ‘°  the  surface> the  second 

reflected  and  transmitted  flux)  The  first  ahsOT}*d  by  the  sohd  (radiative  influx  minus 
into  the  solid  interior  the  second  ten^k  1™  °n  nght’hand  side  is  the  conductive  heat  flux 
term  ,s  the  su^Moss.  “Bded  for  <>f  the  solid,  and  the  last 


, „ , dr 
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To  determine  overall  trends,  the  terms  of  the  surface  balance  are  compared  as  ratios.  The 


ratio  F T , , is  the  fraction  of  gas-to-surface  net  heat  flux  used  to  vaporize  more  fuel,  and 
anotherratlo  Ftoss,  is  the  fraction  of  gas-to-surface  net  heat  flux  that  is  lost  to  the  solid  m^enor 
and  radiated  from  the  system.  In  this  way,  Floss+Freutillzalion=l . 4>,  the  fraction  of  gas-  : e 

heat  flux  that  is  conducted  in  depth,  is  defined  for  comparison  with  Yang  and  T lens  theory  . 
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These  ratios  are  plotted  in  Figure  3 as  a function  of 
stretch  rate,  using  the  data  in  Table  1 . They  represent  the 
pseudo-steady  period  for  the  one-dimensional  flames  and 
typical  values  for  the  flamelets.  Fractional  heat 
losses  increase  as  flame  stretch  is  reduced.  At  the  onset  of 
flamelets  at  3s1,  only  15%  of  the  net  heat  flux  is  reused  to 
vaporize  more  fuel;  85%  of  it  is  lost.  At  the  Quench  limit, 
only  10%  of  the  heat  flux  is  reused;  90%  of  it  is  lost. 

The  value  of  <j>  at  the  Quench  limit  of  a= 2 s ' agrees  well 
with  the  value  of  -0.45  predicted  by  Yang  and  Tien  1 1 for 
the  same  stretch  rate  in  air.  It  is  interesting  to  note  that 
over  the  range  of  stretch  rates  studied,  that  in-depth  solid- 
phase  losses  are  comparable  to  surface  radiative  losses. 


Figure  3:  Loss,  Reutilization,  and  PHI  ratios  as 
a function  of  stretch  rate. 


The  fractional  losses  are  increasing  at  low  stretch,  but  the  losses  themselves  are  not 
increasing  but  actually  remain  fairly  constant  over  the  range  of  conditions  studied.  Instead,  the 
net  heat  flux  from  the  gas-phase  to  the  surface  decreases  dramatically  with  decreased  stretch,  as 
shown  in  Fig.  11.  What  changes  significantly  is  the  heat  release  in  the  gas  phase  - the  reaction 
rate  is  decreasing.  The  limiting  factor  in  the  reaction  rate  is  hypothesized  here  to  be  the  oxygen 
transport  to  the  flame  in  this  low  stretch  (low  convective)  environment,  just  as  it  was 
hypothesized  in  low  velocity  flame  spread  191 . Flamelet  phenomena  at  very  low  stretch,  where ; the 
flame  breaks  up  into  pieces  and  becomes  multi-dimensional,  is  viewed  as  the  flame  s method  o 
enhancing  oxygen  flow  to  the  flame,  through  increased  local  curvature  (stretch). 
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PRELIMINARY  DROP  TOWER  RESULTS 

o 

c 

Drop  tower  testing  is  underway  using  the 
Combustion  Tunnel  drop  rig,  a droppable  wind-tunnel 
capable  of  low  velocity  forced  flow191.  Cylindrical 
samples  approximately  2 cm  in  radius  were  ignited  in 
normal  gravity  and  dropped  after  stable  burning  of  the 
sample  was  achieved.  Preliminary  results  of  microgravity 
gas-phase  flame  standoff  distances  agree  well  with  normal 
gravity  flame  standoff  distances. 


The  data  are  shown  in  Figure  3,  and  indicate  that 
the  normal  gravity  buoyant  stretch  prior  to  drop  is 
approximately  20  s'  for  all  tests.  During  the  drop,  stable 
flame  standoff  distances  were  obtained  for  stretch  rates 
above  3 s . Below  that,  the  flame  was  not  stable  during 
the  short  drop,  in  reasonable  agreement  with  normal 
gravity  experiments  below  3 s'1  which  exhibited  unstable 
flamelets. 

SUMMARY 

Experiments  on  buoyant  low  stretch  stagnation  point  diffusion  flames  over  a solid  fuel 
(PMMA)  cylinder  were  conducted  over  a range  of  radii  from  2.5-200  cm,  or  2-16  sec'1  stretch. 
These  experiments  were  the  first  conducted  in  normal  gravity  at  such  low  stretch  for  a large-scale 
solid  fuel.  The  results  are  consistent  with  characteristics  of  low-gravity,  low-stretch  flames. 

The  only  clear  gravitational  effect  noted  was  the  fuel  dripping,  which  was  inconvenient  but  did  not 
change  the  overall  trends  provided  by  the  experiment.  These  experiments  have  demonstrated  that 
low  gravity  flame  characteristics  can  be  generated  in  normal  gravity  through  proper  use  of  scaling. 
Based  on  this  work,  it  may  be  feasible  to  apply  this  concept  toward  the  development  of  an  earth- 
bound  method  of  evaluating  materials  flammability  in  various  gravitational  environments  from 
normal  gravity  to  microgravity,  including  the  effects  of  partial  gravity  low  stretch  rates  such  as 
those  found  on  the  Moon  (l/6g)  or  Mars  (l/3g). 
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II^TR.ODU  CTION 

Candle  flame  is  one  of  the  most  interesting  topics  in  microgravity  combustion  and  has  been 
extensively  studied  to  illustrate  the  characteristics  of  a non-propagating,  steady-state,  pure 
diffusion  flame.  Many  important  results  were  obtained,  such  as  flame  shape,  size s,  co  or  an 
structure  that  are  quite  different  in  microgravity  from  those  in  normal  gravity  . Candle  flame  in 
normal  gravity  is  tear-drop-like  shape  and  bright  yellow  color,  however  in  microgravity  it 
becomes  spherical  (or  hemispherical)  and  dim  blue  respectively.  In  order  to  have  further 
information  of  these  differences,  a series  of  experiments  have  been  conducted  in  the  existing 
drop  tower  at  National  Microgravity  Laboratory  (NML),  Chinese  Academy  of  Sciences  (CAS). 
Some  of  the  experimental  observations  will  be  presented  here  briefly. 

EXPERIMENTAL  APPARATUS  , 

All  the  experiments  were  conducted  in  the  existing  drop  tower  at  NML,  CAS.  This  drop  tower 
is  22meters  tall.  The  effective  drop  distance  is  about  18  meters.  Two  operation  modes  are  used  in 
this  drop  tower.  One  is  free  fall  mode  that  can  provide  1.7sec  microgravity  test  time.  The  another 
is  lift-up/free  fall  mode  that  can  provide  about  2.8sec.  microgravity  test  time.  A dual  drop 
capsule  (drag  shield  and  experiment  package)  is  used  in  this  facility.  The  residual  acceleration  o 
the  experiment  package  is  less  than  10  4go.  The  candles  used  in  the  experiments  are  commercial 
products  with  about  2mm  wick  diameter  and  10mm  candle  diameter.  The  experiment  package  is 
a cubic  chamber  with  74cm  long,  44cm  width  and  29cm  thick.  The  volume  of  the  chamber  is 
about  94  liter.  A differential  interferometer  (Fig.l)  was  developed  for  measuring  the  candle  flame 
temperature  both  in  normal  gravity  and  in  microgravity.  This  is  one  of  the  objectives  of  t e 
present  study.  If  we  can  measure  the  candle  flame  temperature  in  microgravity,  presumably  it 
will  provide  very  useful  information  to  interpret  at  least  partly  why  the  candle  flame  color  in 
microgravity  is  dim  blue.  The  ignition  system  was  a coiled  250|Xm  aluminum  alloy  wire  heated 
with  a current  of  approximately  4 amperes.  For  all  the  experiments  the  ignition  was  done  in 
normal  gravity  about  30  sec  before  the  experiment  began.  Two  video  cameras  were  used  to 
record  the  interferogram  of  the  candle  flame  and  the  regular  image  of  the  candle  flame 
respectively  at  the  rate  of  25  frames/sec. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  experiments  were  performed  at  three  different  oxygen  concentrations.  The  oxygen  volume 
concentrations  were  25%,  21%  and  19%.  The  candle  was  ignited  in  normal  gravity.  Then  about 
30  seconds  later  it  got  into  microgravity  environment.  This  arrangement  is  for  studying  e 
transient  behavior  of  the  candle  flame  from  normal  gravity  to  micrograyity  The  transient 
behavior  can  be  seen  from  Fig.  2-4.  Two  aspects  of  the  transient  behavior  will  be  discussed  here. 
One  is  the  variation  in  flame  shape.  The  flame  shape  varies  from  tear-drop-like  to  hemispherical 
very  quickly.  The  transient  process  takes  about  0.2  sec.  It  is  much  faster  than  the  variation  in 
flame  color.  Flame  shape  depends  mainly  on  aerodynamic  feature  of  the  combustion  process  and 
flame  color  depends  mainly  on  chemistry  and  transport  feature  of  the  combustion  process.  From 
these  experimental  observations  it  is  clear  that  the  response  of  the  aerodynamic  feature  of  flame 
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on  gravity  is  much  more  sensitive  than  the  response  of  the  chemistry  and  transport  feature  of 
flame  on  gravity.  The  chemistry  feature  is  closely  related  to  the  supplement  of  fuel  and  oxygen. 
The  supply  of  fuel  is  based  on  the  capillary  action  that  will  not  be  affected  by  gravity,  so  the 
supply  of  fuel  is  almost  no  difference  between  in  normal  gravity  and  in  microgravity.  But  the 
supply  of  oxygen  will  be  quite  different  in  microgravity  from  that  in  normal  gravity.  In  normal 
gravity  the  fresh  air  (oxygen)  is  supplied  by  convection  and  diffusion,  but  the  convection  plays 
dominant  role.  In  microgravity  the  fresh  air  is  supplied  by  diffusion  only.  Obviously  the  supply  of 
fresh  air  in  microgravity  is  much  weaker  than  that  in  normal  gravity.  Meanwhile  due  to  the 
absence  of  convection  in  microgravity  the  escape  of  combustion  products  from  the  flame  zone 
will  be  dominated  by  diffusion  only.  All  these  differences  will  result  in  weakening  the  chemical 
reaction  in  microgravity,  and  this  change  is  a gradually  progressing  transient  process. 
Accordingly,  the  variation  in  flame  color  is  much  slower  than  the  variation  in  flame  shape  in 
microgravity.  Similar  transient  process  can  also  be  seen  from  Fig.4.  During  the  recovery  process 
the  expenment  package  went  back  from  microgravity  to  normal  gravity.  Both  the  flame  shape 

and  the  flame  color  immediately  went  back  to  tear-drop-like  shape  and  bright  yellow  color 
respectively. 

The  candle  flame  temperature  measured  by  using  the  differential  interferometer  is  shown  in 
lg.  5.  It  can  be  seen  that  the  candle  flame  temperature  in  dim  blue  region  is  about  1200K.  It  is 
lower  than  1300K  which  is  the  threshold  temperature  of  soot  formation.  These  results  might 
partly  verify  the  question  why  the  microgravity  candle  flame  color  is  dim  blue. 

One  more  interesting  question  raised  from  our  experimental  observations  is  whether  indeed 
the  dim  blue  color  is  a symbol  of  candle  flame  in  microgravity.  A series  of  experiments  with 
oxygen  concentrations  (25%,  21%  and  19%)  were  arranged  to  study  this  problem.  It  can  be  seen 
rom  Fig.  2-4  that  the  candle  flame  keeps  bright  yellow  color  throughout  the  whole  experiment 
with  oxygen  concentration  25%.  However  the  candle  flame  first  is  bright  yellow  color  and  then 
becomes  dim  blue  gradually  in  the  experiments  with  oxygen  concentration  21%.  The  candle 
flame  color  very  quickly  becomes  dim  blue  in  the  experiment  with  oxygen  concentration  19%.  It 
is  of  interest  to  point  out  that  the  candle  flame  becomes  blue  relatively  faster  in  the  experiment 
with  less  dense  oxygen  concentration.  From  these  experimental  observations  one  might  have 
such  impression  that  candle  flame  color  in  microgravity,  either  yellow  or  blue,  is  closely  related 
to  the  oxygen  concentration.  Candle  flame  color,  or  temperature,  depends  mainly  on  the  chemical 
reaction  rate.  Candle  flame  in  microgravity  is  a non-propagating,  steady-state,  pure  diffusion 
ame.  The  transport  rates  are  driven  by  diffusion  alone  in  microgravity  and  are  therefore  much 
smaller  than  the  rates  in  normal  gravity  which  are  driven  by  both  buoyant  convection  and 
diffusion.  So  the  chemical  reaction  rate  will  be  lower  in  microgravity  than  those  in  normal 
gravity.  This  is  why  the  color  of  candle  flame  in  microgravity  becomes  blue.  But  if  the  transport 
rates  are  relatively  fast  enough  to  maintain  the  chemical  reaction  with  moderate  rates.  For 
instance  if  the  oxygen  concentration  is  large  enough  the  color  of  candle  flame  will  presumably 
keep  yellow  all  the  time  even  in  microgravity.  The  preliminary  experimental  observations  have 
already  show  the  possibility.  The  capability  of  our  drop  tower  is  limited.  The  microgravity  test 
time  is  only  2.8sec.  It  is  too  short  to  verify  the  speculation.  Experiments  with  much  longer 
microgravity  test  time  are  in  preparation.  Numerical  simulation  has  also  been  in  progress. 
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Fig.  l The  schematic  of  differential  interferometer  apparatus 
for  the  measurement  of  candle  flame  temperature  field 
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Fig.  2 The  images  of  candle  flame  at  19%  oxygen  concentration 
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Electrical  Aspects  of  Flames  in  Microgravity  Combustion 
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INTRODUCTION 

A principal  characteristic  of  combustion  in  microgravity  is  the  absence  of  buoyancy  driven 
flows.  In  some  cases,  such  as  for  spherically  symmetrical  droplet  burning,  the  absence  of 
buoyancy  is  desirable  for  matching  analytical  treatments  with  experiments.  In  other  cases, 
however,  it  can  be  more  valuable  to  arbitrarily  control  the  flame  s convective  environment 
independent  of  the  environmental  gravitational  condition.  To  accomplish  this,  we  propose  the  use 
of  ion  generated  winds  driven  by  electric  fields  to  control  local  convection  of  flames.  Such 
control  can  produce  reduced  buoyancy  (effectively  zero  buoyancy)  conditions  in  the  laboratory  in 
1-g  facilitating  a wide  range  of  laser  diagnostics  that  can  probe  the  system  without  special 
packaging  required  for  drop  tower  or  flight  tests.  In  addition,  the  electric  field  generated  ionic 
winds  allow  varying  gravitational  convection  equivalents  even  if  the  test  occurs  in  reduced  gravity 
environments. 

THEORY 

The  force  per  unit  volume,  F,  due  to  buoyancy  is  given  by: 

F = (p-p0)g“-p0g 

where  p is  the  density  of  the  hot  gas,  g is  the  acceleration  due  to  gravity,  and  subscript  0 
represents  ambient  conditions.  Balancing  this  force  with  that  of  a wind  induced  via  flame  ions 
mobilized  by  an  applied  electric  field,  produces  the  relation: 

J g(  P - Po  )dx  = J pQg^j  - 1 = J Y * 

where  K is  the  mobility  of  the  charge  carrier  and  j is  the  current  density.  The  current  density  is 
related  to  the  imposed  field  strength.  This  effect  is  not  electrostatic.  The  ions  do  not  accelerate 
in  the  electric  field  but  transfer  their  additional  momentum  to  the  neutral  gas  during  the  collision 
that  follows  each  mean  free  path  transit.  Around  the  flame,  the  negative  charge  carriers  tend  to 
be  electrons.  Electrons  do  not  affect  the  convective  flow  substantially  because  their  high  mobility 
ensures  they  have  a relatively  low  concentration.  Hence  it  is  necessary  to  consider  only  the 
positive  charge  carriers  (Lawton  and  Weinberg,  1969). 

EXPERIMENTAL  APPARATUS 

In  the  study  we  used  a simple  diffusion  flame  geometry  by  placing  a permeable  wire  gauze  as 
cathode  below  a downward  facing  burner  anode— 1 .7mm  o.d.  metal  capillary  (Fig.  1).  We 
increase  the  electric  potential  between  the  anode  and  cathode  until  a point  of  balance  is  reached. 
The  visual  indication  of  when  the  point  of  balance  has  been  achieved  is  that  the  flame  becomes 
spherical  and  symmetrical  around  the  capillary  mouth  and  this  is  accompanied  by  its  enlargement, 
the  fading  of  luminosity,  and  a tendency  to  extinguish.  At  a methane  flow  rate  of  0.3cc/s,  the 
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point  of  balance  occurs  for  a mean  field  strength  of  about  lOOkV/m  (approximately  2.4kV  over 
and  electrode  separation  of  2.45cm). 


FUEL 


HIGH 
VOLTAGE 


GROUND 


Figure  1.  Schematic  of  the  capillary  diffusion  flame  controlled  by  an  electric  field 

PRELIMINARY  RESULTS 

The  electric  field  configuration  necessary  to  counteract  buoyant  flow  is  greatly  simplified  for 
flames  that  are  small  relative  to  the  electrode  separation,  and  this  technique  has  been  successfully 
demonstrated  for  small  gas  diffusion  flames.  In  these  demonstrations,  microgravity  equivalent 
conditions  could  be  maintained  for  longer  than  5 seconds  (a  time  equal  to  that  available  in  a drop 
tower  of  over  100  meters).  The  microgravity  condition  was  indicated  by  spherical  flame  shape,  a 
reduction  in  overall  flame  luminosity,  and  a spread  in  the  thermal  gradient  structure  surrounding 
the  flame  (Fig.  2)  (Carleton  and  Weinberg,  1996  and  Carleton  et  al.,  1998). 


Figure  2.  Images  of  flame  under  normal  gravity  and  reduced  gravity  with  applied  electric  field 
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APPI ICATIONS  OF  ELECTRIC  FIELDS 

Electric  field  driven  flames  have  not  been  the  subject  of  intensive  &°™d***d 
in  part  because  one  can  rely  on  buoyancy  driven  convection,  compressed  gas  wmechamca  y 
driven  convection  to  dominate  the  flame  behavior  at  1-g.  In  space,  however,  beside  g 

new  mechanism  for  flame  control  where  other  convection  sources  are  absent  or  expensive,  an 
driven  wind  may  have  some  further  advantages.  We  intend  to  explore  these  potential  advantages 
by Tud^g  four  specific  topics  involving  the  applications  of  electric  field  in  microgravity 

(1)  Labtop  zero-g.  Electric  fields  can  be  use  to  counter  buoyancy  in  1-g  so  that  ground  based 
diagnostics  can  be  tested,  evaluated,  and  synthetic  zero-g  combustion  can  be  probed  mo 

intensely  than  is  currently  possible  in  space  or  drop-tower  facilities. 

(2)  Gravity  ranges  A range  of  g conditions  can  be  simulated.  While  zero-g  is  an  academically 

® tereS"ua«ion.  .here  can  be  farther  information  gleaned  from  flames  a.  neganve  g. 

higher  the  1-g,  or  at  intermediate  g conditions.  , 

(3 ) Flame  Control.  Fundamental  studies  of  combustion  control  are  ampere  y 

( convective  delay  times  (i.e.  the  time  it  takes  for  a change  in  the  upstream  flow  conditions  to 
be  felt  at  the  flame)  and  by  buoyancy  (i.e.  the  buoyant  convection  acts  as  an  upset  m the 
system).  Actuating  convection  at  the  flame  front  (the  ion  source)  should  allow  for 

improved  feedback  control  response.  , « . • 

(4)  Fire  Safety.  It  is  possible  to  produce  sufficient  ion  wind  to  extinguish  flames.  At  1-g  this 
extinguishment  mechanism  is  not  particularly  effective  because  of  the  robust  flames  fed  by 
buoyant  convection.  At  zero-g,  this  may  not  be  the  case,  and  it  is  worth  investigating  the 
extent  to  which  ion  winds  can  be  used  to  control  fires.  In  addition,  electrostatic  spraying 
methods  can  be  used  at  zero-g  to  introduce  liquid  fire  suppressants  into  the  gas  stream 

feeding  the  fire. 

^T^auffiors1 woJkfukl  to  acknowledge  the  support  from  the  National  Aeronautics  and  Space 

Administration  Office  of  Life  & Microgravity  Sciences  & Applications  Microgravity  Research 

Division. 
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INTRODUCTION 

A number  of  facilities  are  available  for  microgravity  combustion  experiments:  aircraft,  drop 
tower,  sounding  rocket,  space  shuttle  and,  in  the  future,  the  international  space  station  (ISS). 
Acceleration  disturbances  or  g-jitter  about  the  background  level  of  reduced  gravity  exist  in  all  the 
microgravity  facilities.  While  g-jitter  is  routinely  measured,  a quantitative  comparison  of  the 
quality  of  g-jitter  among  the  different  microgravity  facilities  has  not  been  compiled.  Low  fre- 
quency g— jitter  (<  1 Hz)  has  been  repeatedly  observed  to  disturb  a number  of  combustion 
systems  [1],  Guidelines  regarding  tolerable  levels  of  acceleration  disturbances  for  a given  com- 
bustion system  have  been  developed  for  use  in  the  design  of  ISS  experiments.  The  validity  of 
these  guidelines,  however,  remains  unknown. 

In  this  project,  recently  funded  by  NASA,  a transient,  fully  three-dimensional  simulation  code 
will  be  developed  to  simulate  the  effects  of  realistic  g-jitter  on  a number  of  combustion  systems. 
Acceleration  disturbances  of  realistic  orientation,  magnitude  and  time  dependence  will  be 
included  in  the  simulation.  Since  this  is  a newly  funded  project  with  code  development  just  under- 
way no  simulation  results  will  be  presented.  Instead,  first  a short  review  of  the  relevant  back- 
ground concerning  g-jitter  will  be  given  followed  by  a section  on  the  proposed  technical 
approach. 

BACKGROUND 

Many  experimental  studies  and  to  a lesser  degree  numerical  studies  of  microgravity  combustion 
have  been  reported  (e.g.,  ref  [5  j).  Low  frequency  g-jitter  (<  1 Hz)  has  been  repeatedly  observed  to 
affect  a number  of  combustion  systems  (including  candles,  gas  jets  and  flame  balls)  [1].  To  date, 
only  a few  quantitative  studies  have  considered  the  effects  of  g-jitter  on  combustion  (e.g.,  [2,3,4]). 
Also,  the  numerical  studies  to  date  are  limited  in  sense  that  they  are  not  three-dimensional  and, 
therefore,  can  not  account  for  the  complex  orientation  of  realistic  g-jitter.  The  g-jitter  is  catego- 
rized into  three  types  of  acceleration  disturbances  [6]:  quasi-steady  accelerations  which  vary  little 
over  periods  longer  than  one  minute;  oscillatory  accelerations  which  are  periodic  with  a character- 
istic frequency;  and  transient  accelerations  which  are  nonperiodic  and  typically  have  a duration  of 
less  than  one  second.  It  is  important  to  assess  the  relevance  of  g-jitter  for  a proposed  combustion 
experiment  in  order  to  choose  the  appropriate  microgravity  facility  (aircraft,  drop  tower,  sounding 
rocket,  space  shuttle,  planned  international  space  station).  Also,  on  the  space  shuttle  the  amount 
of  g-jitter  depends  on  crew  activity  and  scheduled  events  involving  shuttle  equipment  [6,  7],  An 
experiment  which  is  deemed  to  be  sensitive  to  g-jitter  from  these  activities  should  be  appropri- 
ately scheduled  [7], 

Struk  et  al.  [3]  measured  variations  in  the  gravity  level  aboard  NASA  Lewis  Research  Center’s 
DC-9  aircraft  for  experimental  rigs  which  were  either  attached  to  the  frame  of  the  aircraft  or  free- 
floated.  For  experiments  attached  to  the  airframe,  reduced  g levels  oscillated  between  ± 0.02  ge 
along  the  vertical  axis  (ceiling  to  floor)  over  a 4 s time  period,  ±0.01  ge  along  the  lateral  axis 
(wing-tip  to  wing-tip)  and  remained  steady  at  - 0.01  ge  along  the  longitudinal  axis;  reduced  grav- 
ity level  duration  was  18  s to  20  s.  Here  ge  is  normal  gravity.  For  the  free-floated  experiments  the 
acceleration  level  was  much  smaller,  between  ±510  4ge  along  each  of  the  axes.  However, 
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reduced  gravity  levels  lasted  for  only  a maximum  of  7 s since  time  was  spent  positioning  the 
experimental  rig.  Note  that  for  experiments  attached  to  the  airframe  the  orientation  of  the  g-jitter 
was  such  that  numerical  simulations  of  g-jitter  effects  in  this  scenario  need  to  be  three-dimen- 
sional - even  if  the  experimental  geometry  is  not. 

Droplets  of  various  sizes  were  burned  on  the  DC-9  to  test  the  hypothesis  of  a large  diameter 
extinction  limit.  The  g— jitter  effects  corrupted  the  experiments  which  were  attached  to  the  air- 
frame. Both  increased  soot  production  and  non-spherical  flame  shapes  were  associated  with  g— jit- 
ter. Fortunately,  the  time  period  of  the  free-floated  experiments  was  sufficiently  long  for  visible 
flame  extinction  to  be  observed  - in  support  of  a large  diameter  extinction  limit. 

Using  numerical  simulations,  Kaplan  et  al.  [2]  and  Long  et  al.  [4]  considered  g-jitter  effects  on 
axially-sy mmetric  jets.  Kaplan  et  al.  [2]  simulated  a laminar  ethylene-air  noncoflowing  jet  diffu- 
sion flame  to  better  understand  the  dynamics  and  behavior  of  heavily  sooting  flames  in  a variety 
of  gravity  environments.  The  g-jitter  was  investigated  by  applying  a sinusoidal  acceleration  in  the 
axial  direction  of  amplitude  0.01  ge  and  frequency  1 Hz.  The  flame  height  was  found  to  oscillate 
with  the  1 Hz  frequency.  Long  et  al.  [4]  simulated  a coflowing  methane/air  jet  with  g varying 
between  ± 0.01  ge.  The  flame  structure  was  found  to  be  insensitive  to  these  levels  of  acceleration. 
The  differing  results  of  these  two  studies,  in  regard  to  the  influence  of  g-jitter,  imply  that  the  rele- 
vance of  g— jitter  is  problem  dependent  and  should  be  assessed  for  each  combustion  system. 

The  quality  of  the  reduced  acceleration  levels  in  the  DC-9  aircraft  (for  experiments  attached  to 
the  airframe)  represents  the  low  end  among  the  microgravity  facilities.  In  the  significantly  lower 
mean  acceleration-level  environment  of  the  space  shuttle,  disturbances  to  flames  have  also 
occurred.  For  example,  premixed  flame-ball  experiments  were  conducted  during  the  operation  of 
the  fine  attitude  control  thrusters  (vernier  reaction  control  system  thrusters)  and  repeated  during  a 
period  of  free  drift  [1].  Maximum  g levels  of  approximately  7-10' 5 ge  along  the  z-axis  due  to  the 
thrusters  were  measured  during  the  experiment.  Radiometer  measurements  clearly  showed  the 
experiments  were  influenced  by  the  operation  of  the  thrusters. 

The  ultimate  input  of  the  many  possible  acceleration  disturbances  and  their  affect  on  a combus- 
tion experiment  is  unknown.  A code  that  can  accurately  simulate  the  effects  of  the  variety  of  pos- 
sible g-jitter  input  on  a given  combustion  experiment  would  be  a valuable  resource  for  both 
experimental  planning  and  the  development  of  maximum  acceptable  acceleration  levels  for  differ- 
ent combustion  scenarios. 

TECHNICAL  APPROACH 

Although  some  investigators  could  simulate  certain  aspects  of  g-jitter  effects  with  their  own 
code,  there  is  a need  for  a more  general  approach  with  a code  designed  for  the  investigation  of  the 
full  spectrum  of  g-jitter  effects.  This  is  especially  clear  when  one  sees  that  many  microgravity 
combustion  codes  are  too  specialized  to  realistically  simulate  g-jitter  effects.  For  example,  as  was 
seen  above,  g-jitter  can  occur  in  all  three  directions.  Most  simulation  codes,  however,  are  one-  or 
two-dimensional  (e.g.,  axially-symmetric).  Moreover,  enclosure  effects  are  often  neglected,  but 
can  play  a major  role  in  g-jitter  phenomena. 

The  proposed  simulation  code  will  be  three-dimensional  and  include  enough  geometric  flexibil- 
ity to  account  for  the  presence  of  an  enclosure.  Given  current  workstation  capabilities  it  is  not 
possible  to  perform  transient,  three-dimensional  direct  numerical  simulations  with  multi-step 
chemistry  and/or  fully  developed  turbulence  in  physical  domains  similar  in  size  to  microgravity 
experiments.  Instead,  suitable,  but  simple,  combustion  models  (e.g.,  flame  sheet  or  highly 
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reduced,  finite  rate,  second  order,  global  Arrhenius  kinetics)  will  be  used.  The  minimum  require- 
ment of  these  models  is  that  g-jitter  effects  are  reliably  simulated.  To  do  this  it  is  essential  to  have 
the  collaboration  of  experimental  investigators. 

The  authors  have  assisted  in  the  design  of  a numerical  algorithm  used  to  investigate  flame  spread 
on  cellulosic  samples  in  a microgravity  environment  [8,9,10,1 1,12],  Many  of  the  techniques  from 
this  code  will  be  carried  over  into  the  proposed  code,  as  well  as  techniques  used  by  the  large  eddy 
simulation  (LES)  model  presently  used  at  NIST  to  study  fires  [13,14].  The  idea  is  to  combine  the 
combustion  physics  of  the  flame  spread  code  with  the  numerical  efficiency  and  flexibility  (in 
terms  of  the  use  of  direct  solvers  and  the  ability  to  accommodate  a variety  of  domain  geometries, 
respectively)  of  LES  code.  This  flexibility  will  allow  experimentalists  to  vary  the  location  of  diag- 
nostic equipment  and  check  for  unwanted  effects  on  the  flow  field. 

At  solid  surfaces,  a no-flux  condition  must  be  maintained  and  thermal  boundary  conditions 
enforced.  This  is  simple  if  the  solid  surface  corresponds  to  the  edge  of  the  computational  grid,  but 
is  not  so  simple  if  it  is  internal.  A technique  has  been  developed  to  enforce  the  no-flux  condition 
(as  well  as  all  other  appropriate  boundary  conditions)  at  all  solid  surfaces.  Using  this  method  the 
solid  surfaces  defining  the  boundaries  of  the  experimental  domain  and  the  diagnostic  and  experi- 
mental equipment  can  be  defined  and  modified  for  rectangular  or  cylindrical  domains  with  inter- 
nal boundaries  approximately  aligned  with  computational  grid. 

Regarding  spatial  resolution,  consider  a middeck  glovebox  which  has  a working  volume  of 
45  cm  wide,  30  cm  deep  and  25  cm  high.  Even  for  the  worst  case  scenario,  where  the  entire  vol- 
ume was  simulated,  a 1 .25  million  grid  cell  calculation  would  have  grid  cell  dimensions  of  three 
millimeters.  Flame  spread  calculations  based  on  finite  rate  chemistry  that  actually  resolve  the 
flame  structure  have  required  approximately  0.6  mm  spatial  resolution  [11].  Thus,  a three  milli- 
meter grid  simulation  would  be  of  moderate  spatial  resolution  more  appropriate  to  a mixture  frac- 
tion based  combustion  model  [15].  This  resolution  is  expected  to  be  adequate  for  experimental 
design  (e.g.,  effects  of  diagnostic  apparatus  on  the  flow  field).  The  spatial  resolution  applied  to  the 
combustion  problem  can  be  easily  increased  by  not  requiring  that  the  simulation  include  the  entire 
experimental  domain.  For  some  combustion  scenarios,  therefore,  it  may  be  necessary  to  deter- 
mine g-jitter  effects  by  simulating,  at  relatively  high  resolution,  a subvolume  of  the  experimental 
domain  which  encompasses  the  flame  under  study. 

As  mentioned  above,  the  authors  have  been  involved  in  the  development  and  execution  of  a 
three-dimensional  code  which  simulates  transition  from  ignition  to  flame  spread  [11,12]  in 
microgravity.  This  is  an  ongoing  project  (RITSI)  in  NASA’s  microgravity  combustion  program. 
Given  our  familiarity  with  this  project  (both  the  simulation  code  and  the  experimental  results)  we 
plan  to  initially  focus  the  development  of  the  code  for  g-jitter  effects  on  this  combustion  experi- 
ment. This  will  help  us  to  more  quickly  identify  the  physical  mechanisms  involved  in  g-jitter 
effects  and  the  necessary  requirements  of  the  simulation  code.  Extending  the  capabilities  of  the 
simulation  code  to  other  combustion  systems  will  done  at  a later  stage  in  the  project. 
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INTRODUCTION 

Considerable  progress  has  been  made  in  understanding  the  mechanisms  of  spreading  flames 
under  certain  conditions,  nearly  all  under  the  influence  of  normal  Earth  gravity.  Recently,  several 
investigators  have  studied  some  aspects  of  flame  spread  in  purely  forced  flows  in  microgravity. 
However,  very  few  have  considered  (especially  experimentally)  purely-buoyant  flow  influences, 
using  gravity  as  a variable.  In  addition  to  the  scientific  interest  in  understanding  how  variable 
gravity  affects  flame  spread  in  purely-buoyant  flow,  prospective  human  exploration  of  the  Moon 
and  Mars  provides  an  incentive  to  obtain  practical  knowledge  for  use  in  fire-safety  related 
engineering  and  mission  operations  in  those  partial-gravity  environments. 

The  purpose  of  this  research  effort  is  to  conduct  a focused  experimental  effort  to  observe  the 
behavior  of  flames  spreading  both  upward  (concurrent  flow)  and  downward  (opposed  flow)  over 
thin  fuels  in  partial-gravity  environments,  and  to  extend  an  existing  numerical  model  of  flame 
spread  to  predict  flammability  and  flame  spread  behavior  in  these  two  regimes.  A significant 
aspect  of  the  experimental  effort  is  to  use  a special  device  to  improve  the  simulated  partial-gravity 
environment  achievable  aboard  reduced-gravity  aircraft  facilities. 

FLAME  STRUCTURE 

The  structure  of  a flame  spreading  over  a solid  fuel  in  the  presence  of  a flow  can  be  divided 
into  three  zones.  The  flame  encounters  the  incoming  flow  in  the  flame  stabilization  zone  where 
upstream  diffusion  must  balance  convective  effects  to  sustain  the  flame  position.  Underlying  this 
convective-diffusive  balance  are  chemical  kinetics  which,  under  different  circumstances,  may  be 
finite  either  with  respect  to  reactant  residence  time  in  the  flame  stabilization  zone  or  because  of 
heat-loss  rates  from  the  flame.  Nearby  in  the  pyrolysis  zone,  fuel  is  vaporized  by  heat  supplied  by 
the  flame,  then  transported  to  the  flame  by  Stefan  flow,  diffusion  (primarily  in  opposed  flows), 
and  convection  (primarily  in  concurrent  flows). 

In  the  fuel  preheat  zone  the  solid  is  heated  from  an  initial  temperature  to  the  temperature 
where  pyrolysis  begins.  In  opposed-flow  spreading  the  fuel  is  preheated  by  upstream  diffusion, 
aided  in  some  instances  by  radiation.  Since  fuel  preheating  in  opposed-flow  spreading  requires 
the  same  convective-diffusive  balance  needed  for  flame  stabilization  in  the  flow,  these  two  zones 
overlap,  simplifying  the  characterization  of  the  flame  (only  one  length  scale  is  involved).  In 
concurrent-flow  spreading  the  fuel  is  preheated  by  convection  and  radiation,  generally 
downstream  and  separated  from  the  stabilization  zone.  The  stabilization  and  preheat  zones  may 
propagate  at  different  rates,  allowing  flames  to  grow,  accelerate  or  become  turbulent.  Transport 
and  chemistry  occur  over  multiple  length  scales,  complicating  the  characterization  of  the  flame. 

The  magnitude  of  the  relative  velocity  between  the  flame  and  oxidizer  flow  affects  flame  spread 
speed  and  flame  extinction  phenomena  generally  because  of  convective  transport  rates  of  heat, 
reactants  (oxygen  and  vaporized  fuel)  and  combustion  products  - especially  where  convective 
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transport  is  comparable  to  rates  of  heat  and  mass  diffusion,  chemical  reactions  in  the  solid  and 
gas,  and  radiative  interactions  between  the  fuel,  the  flame  and  the  surroundings.  Increasing  flow 
velocities  tend  to  compress  the  convective-diffusive  flame  stabilization  and  opposed-flow  fuel- 
preheat  zones  but  to  lengthen  and  accelerate  concurrent  flow  flames.  Low-speed  flows  provide  a 
regime  for  flame  spreading  where  these  length  scales  may  be  closer  in  size;  and  the  flow  remains 
laminar  even  in  concurrent  flow.  Under  the  influence  of  normal  Earth  gravity,  access  to  low 
speed  flow  near  a spreading  flame  is  limited  because  of  gravity-induced  buoyant  convection. 

Since  forced  flows  are  primarily  independent  of  the  flame  while  buoyant  flows  are  closely 
coupled,  distinct  flow  patterns  result  that  affect  flame  structure  and  the  transport  mechanisms  that 
control  flame  spread  characteristics  and  flammability  boundaries.  Experimental  comparisons  of 
flame  spread  in  purely-buoyant  and  purely-forced  flows  of  controllable  velocity  can  be  achieved 
using  reduced-gravity  environments.  While  some  observations  of  flame  spread  in  purely-forced 
flows  in  microgravity  exist,0  2 3)  only  our  experiments  in  partial-gravity  environments,  summarized 
below,  provide  observations  of  flames  in  reduced-speed,  purely-buoyant  flows.<4) 

From  a theoretical  standpoint,  though,  computed  results  based  on  two-dimensional  models  of 
steady  flame  spread  in  concurrent  flow  are  available  for  both  the  forced  and  buoyant  cases.*5,6’  A 
comparison  can  be  made  between  cases  where  the  flow  velocities  in  the  flame  stabilization  zones 
are  similar  (approximately  7 cm/sec).  In  the  forced-flow  case,  the  flow  velocity  increases  because 
of  thermal  expansion  then  decreases  because  of  viscosity,  with  diverging  streamlines  downstream. 
In  the  buoyant  case,  the  flow  accelerates  continuously  to  a much  greater  speed  downstream.  The 
streamlines  first  deflect  away  from  the  centerline  due  to  thermal  expansion,  but  then  are  drawn 
toward  the  fuel  surface  as  a result  of  the  buoyant  acceleration.  These  different  downstream  flow 
patterns  result  in  different  flame  shapes  and  sizes.  In  the  forced-flow  case  the  flame  is  shorter  and 
wider  while  the  flame  is  longer  and  closer  to  the  surface  for  the  buoyant-flow  case.  Consequently, 
the  buoyant  flame  has  a longer  pyrolysis  zone  and  a higher  spread  rate  than  the  forced-flow 
flame  despite  the  fact  that  in  the  stabilization  zone  the  flows  are  similar. 

In  contrast,  opposed- flow  flame  spreading  occurs  in  the  convective-diffusive  flame  stabilization 
and  fuel  preheating  zones.  Hence,  when  the  forced  and  buoyant  velocities  are  similar  there,  the 
two  cases  will  have  a similar  flame  spread  rate.<7) 

FLAME  SPREAD  AND  EXTINCTION  IN  LOW-SPEED  FLOWS 

Purely  forced  flows  in  microgravity  environments  have  been  used  to  predict*8,9,5’  and 
demonstrate  a flammability  boundary  (in  terms  of  atmospheric  oxygen  content  vs.  flow  velocity) 
with  a “U”  shape  for  non-spreading  flames ,<l0)  and  for  flames  spreading  in  opposed0 ) and 
concurrent*2’  flows.  The  shape  of  the  boundary  suggests  two  merging  branches  with  distinct 
limiting  mechanisms,  viz.  a residence-time  limit  (i.e.,  a minimum  Damkohler  number)  in  higher- 
speed  flows  and  a radiative-quenching  branch  in  lower-speed  flows.  A similar  flammability 
boundary  for  downward  burning  in  purely-buoyant  flow  in  variable  gravity  has  been  suggested  by 
two  modeling  efforts,  one  focusing  on  enhanced  oxygen  atmospheres,*7’  the  other  on  flame 
radiation  losses.*11’ 

Flame  spreading  experiments  in  purely-buoyant  opposed  flow  have  been  conducted  using 
NASA  parabolic  aircraft  to  obtain  partial-gravity  accelerations.*4’  Thin  tissue  samples  were 
ignited  to  bum  downward  in  oxygen  fractions  from  13%  to  21%  (balance  nitrogen)  in  one 
atmosphere  and  simulated  gravity  levels  of  0.05  to  0.60  g/gEarth.  Figure  1 shows  the  downward 
burning  test  conditions  and  indicates  the  approximate  flammability  boundary.  The  plot  includes 
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Figure  1 Flammability  Boundary  for  Downward 
Burning  of  Thin  Cellulose  Sheets  in  Purely  Buoyant 
Flows 


Figure  2 Downward  Flame  Spread  Rates  for  Thin 
Cellulose  Sheets  in  Purely  Buoyant  Flows 


high-gravity  centrifuge  data  obtained  for  a similar  fuel.(l2)  As  the  gravity  level  (and  therefore  the 
buoyant-flow  velocity)  is  reduced,  the  test  material  becomes  flammable  at  lower  atmospheric  ^ 
oxygen  fractions;  consistent  with  other  Damkohler  number  limited  flammability  boundaries. 

Figure  2 shows  the  measured  flame-spread  rates  of  the  tests  indicated  by  Fig.  1 Spread  rates  at 
18%  and  21%  oxygen  increase  with  reductions  in  gravity  from  the  flammability  limit  condition 
but  reach  a maximum  value  and  fall  with  further  reductions  in  gravity.  The  change  in  slope  of  the 
spread  rate  curves  is  consistent  with  an  increasing  influence  of  radiative  losses  as  the  buoyant  flow 
speed  is  reduced/5'1  u Correlation  of  these  spread  rate  data  with  Damkohler  number  and  radia  ive 
effects  has  been  successful/4’ 14)  but  the  expected  low-speed  radiative  quenching  limit  has  not  yet 
been  observed.  Further  clarification  of  these  radiative  effects  await  access  to  lower  but  finite  (and 
steady)  levels  of  partial  gravity. 

IMPROVED  AIRCRAFT-BASED  REDUCED-GRAVITY  ENVIRONMENT 

Until  recently,  reduced-gravity  aircraft  testing  was  limited  by  the  presence  of  seemingly  random 
acceleration  noise,  called  g-jitter,  measured  to  be  on  the  order  of  10  g/gEanh-  The  Canadian 
Space  Agency  has  developed  technology  for  the  reduction  of  g-jitter  experienced  by  aircra 
experiments.  Their  Large  Microgravity  Isolation  Mount,  LMIM,  has  demonstrated  reductions  to 
the  order  of  10'4  g/gEanh  for  up  to  10  seconds.  A new  version  of  the  LMIM  is  being  developed  in 
conjunction  with  this  flame  spread  research  to  accommodate  larger  experiments  and  provi  e 
simulations  of  steady,  selectable  gravity  levels  between  10'  and  10  g/gEanh- 

With  this  capability,  we  will  extend  reduced-gravity  aircraft  useage  for  partial-gravity 
experiments  below  0.05  g/gEanh-  First,  a low-speed  quenching  branch  may  be  observed 
completing  the  opposed-flow  flammability  boundary  suggested  in  Fig.  1,  and  the  direct 
comparisons  between  flames  spreading  in  purely-forced  and  purely-buoyant  flows  are  to  e 
completed.  Moreover,  in  this  extended  partial-gravity  regime,  new  studies  of  concurren  -flow 
(upward)  flame  spreading  are  to  be  conducted,  complementing  purely-forced  concurrent-flow 
flame  spreading  tests  we  are  pursuing  in  another  program.  Upward  burning  studies  in  partial 
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gravity  will  establishing  a direct  link  between  normal-gravity  material  flammability  screening  tests 
and  reduced-gravity  material  behavior. 
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